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Chapter 1

Introduction

In this course, we will study the Navier-Stokes equations for a viscuous incompressible newtonian fluid
under neglected temperature effects given by

p(Oww+u-Vu)=—-Vp+vAu+ f

and
Vu =0.

We start with some nomenclature. We refer to the above system of two equations as the Navier-Stokes
equations. The top equation can be called the momentum equation, and the incompressibilty condition
Vu = 0 is a special case of what we call the continuity equation. The function u : Q x [0,T) — R”
is associated to the flow velocity, while f : € x [0,T") — R™ represents the external force (also called
the body forces), p € R the fluid density and p : Q x [0,7) — R the pressure. The images of u and p
are respectively called the velocity field and the pressure field. Throughout our investigation, we will
generally assume that p = 1.

An open mathematical question is the determination of a well-posed boundary value problem. It
was proven for n = 2 that the equations must be completed, for t > 0 and = € ), by the initial
condition

u(z,0) = up(x),

where ug is given, and
u(@,t)]po = o(,t)

with ¢ given. This is also believed to be true for higher dimensional velocity field. In this course, we
will favor the case u’aﬂ =0.



Chapter 2

The Heat Equation

2.1 The Homogeneous Heat Equation: From One to Higher
Dimensions

The heat equation is given by
atu = aiu

and

u(z,0) = g(x).
The former equation is often refered to by (H). We will consider periodic boundary conditions, thus
functions defined on T = R/27Z = S!. In that sense, we further understand L? as L?(T).

We may solve (H) by the separation of variables method. We find solutions of the form
u(z,t) = Ae Fteikr | 7,

By superposition,

u(zx,t) = Z ApeFteike

finite
also solves (H). With these solutions, we understand that we can find solutions with initial conditions
of the form
g(z) = Z Apette,
finite

We may then ask the following classical question: when does ), Ape=F etk solve (H)? We will
seek an answer by concidering the following three smaller problems:

1. When does the Fourier series are™® converge?
keN

2. When it does, when is its derivative term by term? That is, when do we have
9 ik ikx
—_ J— o ?
B (Z aie = Z ikage !
kEZ keN

3. What are the required conditions to have

% <Z ak(t)eik”> = Za%(t)eim ?

keZ keN
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2.1.1 L2-Theory of Fourier Series

In this section, we will adress question 1. Let e;(z) := €*** be defined. Then, we have

2m
(ek, em) 2 :/ er(z)em (z)dr = 2wk
0

It follows that for f,,, = Z|k|§m axey, we obtain
[l =D aren, D ageg) =2m 3 il
|k|<m l7]<m |k|<m

Hence, if a = (ax)rez € £2, that means we have || f,,,|| < v/27||a||;2. Thus w.l.o.g., assuming k < m, we
conclude from the fact that

| fr — full> =27 Z |a;|* < 2m Z lai|> — 0 as k,m — oo,
k<]jl<m k<|j|

that (fm)mez is Cauchy in L2, and so that 3f € L? s.t. fo, ? f asm — oo.

Proposition 1. If a = (ax)kez € €2, then Y, oy are™™ converges in L*(T) to some f € L*(T) and we
have || f|| = V2|l
Conversly, let f € L? and suppose that f, ?) fasm — oo, ie. f =), ,arer. Then

(f — fm.ej) — 0 as m — oo, but (f — fm,e;) = (f,e;) —2ma; does not depend on m € Z, and so we
must have (f,e;) —2ma; =0, Vj € Z. Hence,

1 1 2m L 2m ik
ar = —(f,ex) = — (z)egde = — (z)e™ " dx.
2m 2m J, 2m Jo
Moreover, we observe that (f — f,,,e;) = 0 also implies that
[ = fm L X, :=span{ey : |k| <m},
i.e. f— fin is orthogonal to ¥,,. The pythagorean identity hence yields
£ =1 f = fmll® + | I,

which further leads to the conclusion that
|f = fmll = inf [[f—gl. (2.1.1)
g€,
So in fact, if f € L? and f,, is defined as above, f,, — f as m — oo. Indeed, recall the two following
facts:
o C(T) is dense in L?(T);
© Umez2m are dense in C(T) with respest to the L>°-norm;

and let € > 0. Choose g € C such that || f — g|| < € and m large enough so that we may find h € 3,
such that [|g — hljoc < €. Then,

If = fmllz < If = Rllze (2.1.2)
<e+V2rlg —hlls
= (1+V2n)e,
where (2) holds from (1).

Proposition 2. If f € L*(T), then f = > oy 5= (f.ex)er and ||f||> = 5= Y ,en [(frex)[?, ice. any
L2(T) function can be written as a Fourier series converging in L? and its coefficients may be given
explicitely.
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2.1.2 Weak Derivatives and Sobolev Spaces
We will now be concerned with question 2. Consider a function f € L?(T) N C'(T) and define

f(k) = %(f, er). If we compute the coeflicients of g = f’ using integration by parts, we obtain

109 = o [ oo = [ ey = g
g _270 g(x)e x_27r0 r)egdr =1 .

Hence,

Fr=9=> ak)ex = ikf(k)ex,

k€eZ kez
which is the term by term derivative of f = >, ., f(k)ew, ie. f = 2 (k|<m ikf(k) — f'in L? as

m — OQ.

Now, for an arbitrary f € L2(T), proposition 1 implies that if (kf(k))rez € €2, then Y kez ik f(k)er
converges to some function h € L?(T). The above computations further show that if h € C!, then h
could be viewed as the classical derivative. In general though, it is not the case that for any f € L?, the
sequence of finite sums of the term by term derivatives converges in the analogous way. We therefore
identify h differently if it exists and call it the strong derivative (or the Weyl derivative) of f.

Definition (Strong Derivative). Let f € L? and {f1, f2,...} C C!' s.t. f, — h and fi — f in L?
as k — oo, then we call h the strong derivative of f.

Exercise. The strong derivative doesn’t depend on the approximating sequence of C' function.

Definition (Weak Derivative). If f,h € L*(T) satisfy (h,v) = —(f,v’) for any test function v, i.e.
Vv € CH(T), then we say that h is a weak derivative of f.

Proposition 3. A function h € L?(T) is a weak derivative of f if and only if it is a strong derivative

of f.
Proof. Let h be the strong derivative of f and v € C*(T). Integration by parts yield

(hoo) = (S ikf(R)er,v) = S Fk)(ike™™, v)

keZ kEZ
_ £ °m ikx I—d _ f(k)/27r€ika:?7/dl'_—<f ’U’>
ij(k)/o (eyode = =3 ) [ — (o).

kez kez
Conversly, if h € L?(T) is a weak derivative of f, then

1

(k) = 5 {h k) = o= (Freh) = S ex) = ik f (k).

Definition (Sobolev Space). For s > 0 in N, H*(T) = {f eL2(T): fe Eg} , where

f? = {Cl €. (lk|*ak)kez € 52},
is called a Sobolev Space.

Exercise. H*(T) is a Hilbert Space with respect to the inner product

(f.9)s =D (1+|k[*) f(k)g(k).

kEZ
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We adopt the following notation:

fls = /D k2| f ()2
1£lls = \/IIFIZ + 1£13

is the induced norm on H*(T). Furthermore, for a sequence (ax)xez € £2, we define

laelle = 37 (14 k12%) Jaw

keZ

is a semi-norm and

Notice that

g) = (3 Fker. Y d(kyew) = 21 3 F(k)3(R)

kEZ kEZ kEZL
and
(10,99 =21 S f(R)g®) (k) = 21 3 bl F ()3 (R
kEZ keZ

Hence, we find that the inner products associated to L?(T) and H*(T) are related by

(.00 = 5= ()i + (9,6 2).

Other interesting facts are that for f € H*(T) and s > 0, if f,, — f in L?, then f,, — f in |- |s and

If = finllZ, <m0l

Indeed, X R
1f = fml? =27 Y [FR)P <m0 Y7 kP f(Rk)]* = m™>|£[2,

|k[>m [k|Zm

and |f — f]? = 2 (k> m k|25| f(k)|2 — 0 as m — oo, since f € H5(T) = f € (2 by definition.

2.1.3 Differentiation in Banach Spaces
We will now answer the third and last question. Let u(z,t) = 3,5 are~Ftet® and recall that we are
investigating the equation dyu = 9?u for solutions. Observe that in the weak sense of the derivative,

Oiu = Z —k2ape F etk
kEZ
and if we were to differentiate w.r.t. ¢t term by term,
Oyu = Z —kQake_kzte“”.
keZ
2.1.3.1 The Generalized Derivative

In this short section, we define what we mean by “derivative” when discussing vector-valued functions.
Otherwise specified, the generalized derivative will be loosly called the “derivative”, because it is the
natural extension of the latter to Banach spaces.
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Definition (Generalized Derivative). Let X be a Banach space and I C R be an interval. A
function f: I — X is said to be differentiable at a point a € [ if

f() = f(a) = At —a) + o (|t —al)
ast — a for A € X. We write f/(a) = Z—J;(a) = X and call f/'(a) the derivative of f at a.

Proposition 4. Let U : I — H*(T) be differentiable at b € I, then U'(b) = 3, ., aj.(b)ex, where

ar(t) = U1K = 5 (U (1), en)
are the Fourier coefficients of U(t).
Proof.
fy L . Ub+t)-U(®) 1. (Ub+t),ex) — (UD),ex)
U(b)—%a] (b)7€k>—%<thj% " ,ek)—%tlg% :
_ %g% ak(b+ ti - ak(t) _ a%(b)

Remark. Lemma 4 also proves that the a; coefficients are differentiable, as it shows that their deriva-

tives exist. Moreover, observe that if U : I — H?®, s > 0, is differentiable, then it is differentiable

as a function in U : I — L2. It is convinient to succintly remember the result in Lemma 4 as the
d d 77/

commutativity statement that U (t) = SU(t) if U is assumed differentiable.

Proposition 5. Let u € CY(I x T), where I C R is an open interval and define both U(t) = u(-,t)
and V = dwu(-,t). Then, in L*(T),

U'(t)(x) =V (t)(z) Vt eI
Proof. Let
u(z,t + h) — u(x,t)
h

with wo(x) = 0. To complete the proof, we are required to show that, for ¢ € I fixed, ||wp||p2 — 0 as
h — 0, but as (z, h) — wp(x) is continuous in T x (—¢, €) for some € > 0, it is sufficient to observe that

wp(x) = — Oru(z, ),

lwallzz < V2r||wh oo,
because sup, ey |wy ()] — 0 as h — 0. O

Remark. Proposition 5 shows that if u is differentiable in the classical sense, then in L2, its generalized
derivative, considered from the point of view of U(t), corresponds to its classical derivative dyu(-,t) as
one would expect.

2.1.4 Solutions of the Heat Equations in L?

We are now ready to prove the main results of the L2-theory of the heat equation in one dimension.
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2.1.4.1 Solving the Heat Equation
Theorem (Existence of Strong H*-solutions). Assumet > 0. Then, for any s > 0 and g € L*(T),
Uty = g(k)e e,
kez

satisfies
U'(t) = 02U (t), (2.1.3)

in H*(T), where 02U (t) is the strong derivative, and
|U#) —gllzz — 0 ast — 0T,

Proof. Proposition 2 allows us to work with g = Z\k\ez g(k)ey. Let

n(t) = U0 = g(0k) = 5- (U 0) = 9.0 = 5-(3 k)™ en,ex) = (k) = k) (7 = 1).
kEZ

We will first prove the last claim of the theorem. To do so, we want to show that for any ¢ > 0
fixed, ||(ax(t))kezllez — 0 as ¢ — 0T. Now, it is immediate that we have both lak(t)| < |g(k)| and
(ak(t))rez € 2. Moreover, since e¥ = > 7 we get that if 0 < |y| < 1, then

nOn"

71|<Z||n7 |y|

n=1

which further implies that for |y| < %, [e¥ — 1| < 2|y|. Thus, for ¢ > 0 small enough, |k?¢| < % and we
also have that
lar(t)] < 2|g(k)||k*t].

Hence to acheive our goal, it is sufficient to show that for € > 0 given, we may find ¢ > 0 small and
N € N such that

law(®l7 = D lar®> < Y 19k + 462 Y 1g(k)*K* <.

keZ |k|>N |kI<N
N———
A B

But since (§(k))r € £* and B < oo, it is given that we can take N large so that A < § and choose
0 < ¢ small to obtain [ax(t)[|2 < A+ B < e. By proposition 1,

U t) — gllrz = V2r|ak(t)| e for any ¢t > 0,

and we conclude that |U(t) — gl — 0 as t — 0F.

It is clear that U(t) € L?, since Vk € Z, t > 0, ekt < 1; but we also observe, for ¢ > 0, that
U(t) € H*(T) for any s > 0. This follows from the fact that

= D RPOERP =Y (ke g (k)2 <

|k|eZ |k|lez

Indeed, assume, w.l.o.g., that £ > 0 and let ¢(k) = k2se—2kt, Then, by solving

d - -
0— %q(k) — 9gk25 o2kt | pyp2s 1 —2k% _ 2k (25k25*1 _ 4tk25+1)
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in k, we find by maximality that q(k) < ¢ (y/3) = (£)%e™® < C-t7°. Hence,

U()], < V-1 ]lg]| < o0, (2.1.4)

which shows that [|U(¢t)||s < cc.

We would now like to show that the ﬁ-\(t) = —k2§(k)e !, Let

- —K2(t+h) _ & — k2t f —k*h _
() = 28 I 4 kg (ke = gy ( h 1”2)'

h

We want to show that |[nx(h)[lz — 0 as h — 0. Using the properties of the exponential function

eTy_ll‘ < el¥! holds. Hence,

again, we easily find that both [e¥ — 1 —y| < 2|y[?, |y| < 5, and

2
e~k _1

2
3 +k

<K (ekz‘h| + 1) ;

and ,
e Fh 14 hk?

- < 2k*|h| if k?|h| is small. (2.1.5)

We thus have

I (P)IZ < 37 (1+ [B2)]gk)Pe 2 R (M 4 1)2 + 37 201+ [k|*)]g(k) P2 k5| h)?.
|k|>N |k|<N

C D

Since we are differentiating with respect to fixed ¢, it follows from (4) that as N — oo, C — 0
uniformly in & as long as |h| < . Hence € > 0 given, choose N large enough for C' < ¢ to hold for all
|h| < £ and h small enough so that || < £, k?|h] is small enough for (5) to hold and D < e. O

Theorem (Uniqueness). The only solution to U'(t) = 82U (t) with U(0) =0 in L? is U = 0.

Proof. The conclusion follows from the derivation

d s _ d
ZIoP = Zwm.ue)
= }l%w, U(t)) + %ii%w(t)’ Ut + hlz — U<t)>

([T
| NN
L 55
55 R
~ 93
68& 1
) o =X
o o
N

~~ - Q
~ —~
S e
QO o=
S =
g

—~

~

=

=

=

O

Remark. Uniqueness comes from the fact that this proof can be applied to u(0) — v(0) = 0 if v and
v both solves the heat equation with same initial data. This theorem should not be a suprise, as the
heat diffusion decays in time. It is intuitively clear that if the initial data have modes with vanishing
frequencies on the whole domain, then the related solution must stay unchanged when evolving in
time. That is to say, what the above proof really shows is that the rate of change of the norm of U is
negative with respect to time.
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Theorem (Regularity). Fort > 0, U(t) agrees with a smooth function almost everywhere in Lo. In

fact, if
u(z,t) :=U(t)(x) for (x,t) € T x (0,00),

then in L?, u € C* (T x (0,00)) up to a null set.

Proof. We will first prove the regularity statement in space. If f € H*(T), then f is C™ if s > m + %
Indeed,

0" f (@) = [k f(k)e™|

kEZ
< TR = 1R,
keZ
< 3 (1) e
kEZ
< (Z(Wﬂf(k)ﬁ)) <Z|k2<m—s>> (2.1.6)
kEZ keZ

where (6) was obtained from the Cauchy-Schwartz inequality and (2) by the convergence of the geo-
metric series under the hypothesis s — m > % C is a real constant.

We conclude from the above that | f[|cm < C| f||s whenever s —m > 1. Using now the density
of the C*° functions in H*(T), let fi € C*°(T) be such that fr, — f in H*(T). The convergence

Ifk = ferllem < Cllfx = frlls — 0 as kb — o0

implies that {fy}, is Cauchy in C™(T), and thus converges to some function g € C"™(T). On the one
hand, it follows from this convergence in C™(T) that f — g in C°(T), and thus in L?. On the other
hand, convergence to f in H*(T) also means that f, — f in L?(T). So we must have g = f in L2,
i.e. they agree almost everywhere. Since we’ve shown in the existence theorem that U(t) is in H*(T)
for any s > 0, we conclude that it agress a.e. with a function f € C*°(T).

Let ¢t € (0,00). If we define U(t)(z) = u(z,t), then we have

u(z,t+h) —ulx,t)
h

U @)(a) = DD IO 330y 0 im m1v(m),

and here again, it follows that we have convergence in C°(T) as h — 0 (as s > 1), i.e. the above

converges uniformly has a function of z € T, thus we have that d;u(x,t) exists everywhere on T. So
we have shown yet that for a given ¢ € (0, 00),

dpu(z,t) = U'(t)(z) = 02U (t)(x) = du(x,t).
—_——— —— —_—_———  ——
Classical Generalized Strong Classical

We know from the previous existence theorem that

U't)=— Z ke Ftey,

keZ

and in fact, it follows from an analogous proof (we use the boundedness of the heat propagator with
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respect to any H®-norm) that

U”(t) _ Zk46_k2t€k

keZ

U(")(t) — (_1)77.22]€2nefk2tek7

keZ

because the mentionned argument reduces to observing that an appropriate exponential growth over-
rule a polynomial growth of any order. Hence,

UeC™((0,00), H*(T)).
Repeating the argument we have used on the first derivative for the derivatives of higher orders, we
conclude that 9™ u(z,t) = U™ (t)(x) for any m € N.
—_—— N —

Classical Generalized

Now, the inequality

PO u(a + e, + h) — OO u(w, 1)
<070 u(x + e, t + h) — 070N u(x + €,t)| + |07 00 u(x + €,t) — Oy O u(x, t)],

illustrates that 970™u € C (T x (0,00)) for any m,n € N, hence u has partial derivatives of all order,
i.e. u is smooth: u € C* (T x (0, 00)). O

Remark. The above regularity theorem shows that the heat equation is classicaly satisfied. Moreover,
we know from the existence theorem that U(t) — ¢g in H® as t — 07, hence the above argument
shows that if s > 1, then U(t) — g uniformly on T".

2.1.4.2 Instantaneous Smoothing and Long Term Decay

More can be said about the nature of the solutions of the heat equation. Suppose we understand the
existence theorem from section 2.1.4 as a proceedure to build solutions for the heat equation out of an
L? function, say g. The initial data g is decomposed into modes §(k)ey, k € Z, that is, into terms of
different frequencies, and each k** mode is damped with the rate e~**t. In this way, the exponentials
act on each frequencies and high frequencies decay fast. This results into a smoothing, and that is
what we have shown in section 2.4. In other words, by acting on the frequencies, the exponentials
push g into any Sobolev space, causing a very strong decay.

Another interesting fact is that the exponentials actually make g € L? decay into a constant as
t — oo. Consider, for C' = §(0),

1D ke er = Clloe = 1) ak)e™ erll

kEZ k#0

< > lak)e ™
k+#£0
< Cet—0ast—0.

2.1.5 Extension of the Theory to n-dimensions

The above theory extends naturally to higher finite dimensions.



CHAPTER 2. THE HEAT EQUATION 13

2.1.5.1 Generalized L?-definitions for Finite Dimensional Spaces

The statements and the proofs of many theorems in this section are omitted. Some of them are easy
extensions of arguments seen in previous sections, - we refer the reader to the question 1 of the first
assignment (appendix A), and the majority of the past basic results have a straight foward generaliza-
tion to higher dimensions.

We introduce the following multi-index notation. We write © = (z1,...,2,) € T™ and we define
0 == %, j = 1,..,n. For example, we can encounter expressions such as 9{050;5. A multi-index
J

a = (ai,...,a,) is a vector in N = N"\{0} with an index order defined as |a| = a1 + ag + ... + .
We may call the index order the length of the multi-index. We define

0% := 01" 052..00" & y* =y ys?..yam,

where y € R™. D% is often defined in the same way in the litterature, and for a non-negative integer
k € N, we read
DF ={D*:|a| =k} = {0“: |a| = k}.

The Fourier series in n-dimensions may now be expressed as

ki,....kn€Z™

E akeik-aj

keZn

> aren(w),

kezn

where e () := e*® and - : NI x R — R is the dot product of the two n-dimensional vectors k, z, i.e.
k-x=kixi+. +kpxp.

For finite sums, we can use Q,, = {—m,...m}", so that an anolog of Z\k\<m apey is ZzeQm agex
in higher dimensions. We note though, that @, is understood as an n-dimensional square with edges
of length m, but that similar constructions such as finite sums over |k| < m, where m € N and
|k| = /k? + ... + k2, that is, sums over the multi-dimensional integer lattice points contained in an
n-sphere, yield the same results.

Definition. Let g € L*(T") and (k*§(k)),czn € €*(Z™), then we call
h=0% =" (ik)*3(k)ex
kezr
the strong derivative of g. If we let o € N} be a multi-index, g,h € L1 (T") and
(h,v) = (=1)%(g,0%) Vv e C=(T"),
then we say that h = 0%g is the weak sense, i.e. g is the mixed weak partial derivative of h of order a.

Theorem (Friedrichs, 1944). In the above setting, h is a strong deriwative of g if and only if it is a
weak derivative of g.

Definition. For s > 0, we define the Sobolev space
H*(T) = {f e L2(T"): f € Ei},

where (2 = {a € (2(Z") : (|k|*ar)yegn € 2(Z")}.
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We understand that if f € H*(T"), then 0% f € L?(T™) for any |a| < s, because then
ESES? LB < k|2 k|2 = k1 < kS

Conversly, if 9% f € L?(T") for all a < s, then it holds that kff(k) € % for any i = 1,...,n, as we can
always choose a = (0, ..., 5, ...0) s.t. T;a = s is the i*"-coordinate projection map. Thus, since

KJ* = (2 + e+ k2)E < C (] + o+ [Ra]),

where Cy is a constant depending on s, then ) ;. |k|* f(k)er, < oo, i.e. f € H*(T™). Hence, the
Sobolev space can be seen as the space of functions for which all mixed weak partial derivatives of
order less than a given degree exist in L?(T™).

This is a Hilbert space with respect to the inner product

(fr9)s = D (L4 [K[*) f(R)a (k).
kerL
If s € N, this inner product is equivalent to
> / 0% f(x)0%g(z)da.
jaj<s T
Here again, the semi-norm and the norm associated to this space are given by

1F13= D k(R

kezn

1£lls = \/ILFIZ2 + 1£12.

Theorem (Bernstein). Let s € R and m € Ng and s > m+ 5. Then, H*(T") — C™(T"), i.e. each
f € H5(T") is equal to a C™ function a.e. on T™ (has a C™ representative) and

and

I fllem < CS,m”fHSa Csm € R.
Proof. We have

0 f@) =1 3 (k) k) < 37 [k f (k)] < (Z k|28|f<k>|2> (Z Ikl“'s)> :

kezn kezn kezn kezn

Nl=

A
We have A < o0 if 2(|a] — s) < n and if this is the case, then the same argument we have used in
section 2.4 to prove the regularity theorem still applies here and it completes the proof. O
2.1.5.2 Multiplication in Sobolev Spaces

We will prove an important inequality regarding multiplications in Sobolev spaces that will be especially
useful when we will investigate the maximal time of existence of solutions of some well-known PDEs
in section 3 of the next chapter (also see assignement 2). In the following, we will make a change in
our usual notation by replacing our beloved k € Z" for the Fourrier variables £, 7, € Z".

Lemma (Young’s Inequality). For a,b sequences,

llaxbllez < llallg[|b]]e2-
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Proof. For any sequence ¢ € £2,

<a*b,c> = ZZ b(€ - UT)
Z ()Z b(& —m)c(€)
Z\a \max|2b§ n)c(€)].

Using the Cauchy-Schwarz inequality, this implies that

Z la(n ImaX\Zb & =€)l < llallerbllezllellez = llallex [[bllez liellez,

IN

IN

and thus choosing ¢ = a * b concludes the proof.

Theorem. Let u,v € H*(T"), where s > 5. Then uv € H*(T") and

||uv||S S C 5 ||S7
where Cs ,, depends on s and n.
Proof. We have
— 1 —izeg
w(§) = G0 ) u(x)v(x)e dx
1 ~ 11 7 1x-(  —ix-
= (27r)”/ Zu(n)e 15(¢)et® e dy
’]l‘n 7774_

)6(¢) /n e (M+C=8) 1,

I
—
[\
| =
N~—
3
3
~
<>
—
3
>

= (ax0)(E),

Le. uv(§) is equal to the discrete convolution of 4 and ¢ at £. Hence,

@@l < YL la — n)llom)]

< ZIS n|*la(¢ —n)| \+Z|u€ )| |nl°[é(n)]
a(§—n) b(n)
< Cs(ax0) (&) +Cs (axb)(§),

15
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where we have use the fact that for (a + b)” < max{1,2'~P} (a? + b?) for a,b,p > 0. Using Young’s
inequality,

[@ols

> €l un(g)?
13

> (el lao())
¢
(&l [uv(©)])e [l
< |Cslll (@ []) [lez + [Cs| [l ([a] 5 b) [|2
< |Cs|Crluls[ofler+|Cs| Crlv]s [l o1
< |Cs|Crluls[ofler 4| Csl Cr o] s [l or

for any s > 0. Since, in particular, we have s > % by hypothesis, its follows that |uv|s < Cs,||ulls||v]s,
which concludes the proof.

2.1.5.3 The n-dimensional Heat Equation and its Solutions

The n-dimensional heat equation is the equality
u'(t) = Au(t)

in L?(T"), where A = 87 4+ 05 + ... + 02 is the Laplace operator understood in the week sense. We
want to solve this equation by finding solutions u : [0,00) — L?*(T") with u(0) = g € L*(T). The
corresponding main results of section 2.1.4 extend naturally and can be derived similarly. Please read
the proofs related the finite dimensional homogeneous hyperdissipative heat equation in assignement
1 (appendix A). They generalize the theorems and extend the result related to the convergence of the
solutions to their initial data. In this case, the solutions take the form

u(t) =eg:= Y e M G(k)ey, g€ L(T),t >0,
kezn
where e!® : L?(T) — H*(T™) is a bounded linear operator with |e*®gls < v/Cst—5||g|| for ¢t > 0 and
s > 0.

We call the 2 the heat propagator. It is interesting to note that we can view {em S R‘”‘} as
a Cy semigroup. Indeed, we have

1. 2 = Id4.,

2. eltTs)A — pthesA apd

?

3. |le*rg —glls — 0 ast — 0.
2.2 The Nonhomogeneous Heat Equation: In the Presence of
External Energy

2.2.1 Riemann Integration in Banach Spaces

We will define the integral of a function f : [a,b] — X, where X is a Banach space.
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A partition of [a,b] is a sequence of points P = {tg,...,t,} satisfying a = t, < t; < ... < t, = b.
We say that this partition is tagged by {p = {&1, ..., &} if & € [ti1, ] for i = 1,...,n. We define, for
f € B([a,b], X), the Riemann sum with respect to P and & to be

Spe(f) = Z (&)t —ti1).

We say f is Riemann integrable over [a,b] if lim|,|_,o Sp.¢, (f) < 00 in X independent of the choice of
P, where |P| = max; |t; — t;_1]|, and if it is, we define its Riemann integral as

b
[ ft= lim Snep(5)

We adopt the convention f; ftydt = — f: f(t)dt.

Definition. We define oscillation on an interval and with respect to a partition as

osc(f,[c,d]) = sup | £(s) = f®)lx

t,s€le,d

and osc (f, P) =Y. (ti — ti—1)osc (f, [ti—1,t:]) -

Lemma. f € B ([a,b],X) is Riemann integrable if Ye > 0, 3 a tagged partition P of [a,b] with
osc(f,p) < e.

Proof. If P! D P, i.e. if P’ is refinement of P, then it is clear from the above definitions that
osc(f, P') < osc(f, P), (2.2.1)

and
1SpPer(f) = Sprgp ()llx < ose(f, P). (2.2.2)

Using refinement and (1), we can choose a nested sequence of partition P, C P, C ... C P,, C ... with an
associated sequence of tagging partitions (£p,),-; such that osc(f, P;) — 0 as k — oco. This implies,
o0

from (2), that (Sphgpk)k ) is Cauchy in X. Since X is Banach, 3z € X s.t. limyo0 Spyep, (f) =2
in X. -

This convergence is independent of the tags, since if {p; is another tagging of Py, then

o= Sy (Dl < lle = Spr, (DI +1Spr.er, () = Sy (Pllx
< lz = Speee, (Dl + 0se(f, Pr) = 0.

To conclude, we need to show that for any tagged partition @ of [a, b], lim g0 Sq.¢,(f) = z in X,
i.e. x doesn’t depend on the choice of partition. Let € > 0 be given. We have

1S@ee(f) =zl < 1S0.e0(f) = Sareq, (N + [1Sareq, () = Sper, (DI + ISPy g5, (f) — 2]l
—_—

A B
< A+osc(f,Py)+ B,

where Q' = P, UQ. We can take k large enough so that osc(f, Py) + B < §. Now, it also follows from
(9) and (8) that A < osc(f,Q’) < osc(f, Pr), hence our choice of k ensures that |[Sq¢,(f) — | < €
and we're done. O

Corollary. Functions in C ([a,b], X) are Riemann integrable.



CHAPTER 2. THE HEAT EQUATION 18

Proof. Choose a uniform partition P = {to, ...,t,} with |P| = h. Then,

n

osc(f,P) = ih cosc(f, [ti—1,ti]) < Y h- max osc(f,[t,t+ h]) < (b—a) max osc(f,[t,t+ h]).
=1 i=1

t€la,b] t€la,b]

Since f continuous on [a, b] implies that f € B ([a,b], X) and that the last term of the right hand side
of the above equation can be made as small as possible by using the continuity of f, the conclusion
follows from last lemma. O

Lemma. If f is Riemann integrable on [a,b], then its Riemann integral is linear, i.e.

[ 1+ s = [ s@acs [t

/abf(x)da: . /acf(x)da:—&—/cbf(x)dx

b b
H / f(@)dz]x < / 1£(@)xdz < (b a)| ]l

additive, i.e.

for ¢ € [a,b] and bounded from

Theorem (Fundamental Theorem of Calculus). The FTC has two parts.

1. Ifu e C*((a,b), X), then

2. If f € C([a,b],X), then the function
F(z) = /l f®)dt, x € [a,b]

satisfies F € C1 ((a,b), X) and F'(z) = f(z) on [a,b)].

Proof. To prove the first part, let P = {tg, ..., t,} be a uniform partition with stepsize h tagged by &p
at the left endpoints. Then,

15pepn (') = (u(b) —u(a))] = I\ZhU’(ti—l)—(U(b)—u(a))l\

= | Zhul(ti—l) - Z (u(ti) —u(ti-1)) ||

i=1
- tic1 +h) —u(ti_
< ZhHul(tifl)_U( 1Hh) -l 1)” — 0
i=1

shows that f; v (z)dx = lim p|o Spep(u') = u(b) — u(a).

To prove the second part, suppose a < x < y < b. Then for P’ = P|, , U {z,y},

F(y)—F(:c):/yf(t)dt—/zf(t)dt:/yf(t)dt: lim Spre, (f). (2.2.3)

|P'|—0
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Observe that

|POE@ iy = PRS0 D) SreelD =l = 0],
y—x y—x y—2x
A
<

A+ Jlosc(f, [z, y])|
B

By continuity, we have that B — 0 as y ~\, 2. So choose y s.t. B < §. From (3), we now choose |P’|

small enough so that || F(y) — F(z) — Spr¢,, (f)ll < # It follows that A < § and this completes
the proof. L

2.2.2 Duhamel’s Principle
Duhamel’s principle is a general method for expressing solutions of inhomogeneous linear evolution

equations.

Consider v'(t) = Au(t) + f(t), 0 < ¢t < T in H*(T™), where f(t) € C((0,7),H°(T")), o > 0,
0 < T < co. Further impose that u(t) — g in L*(T) as t — 07. We are looking for strong H*-
solutions, which means that we understand «’ as the derivative of u : (0,T7) — H?*(T") and Au(t),
t > 0, in the weak sense.

The heuristic behind Duhamel’s principle is to let u(t) = > _, ax(t)ex, where

€L
al(t) = —k%ag(t) + by (1) (2.2.4)
with by (t) = f(k), and solve (4) using variation of parameters. For aj(t) = (i(t)e *’t, we have
al,(t) = ¢f(H)e ™t + k2¢(t)e™"t, and thus
GO ™+ K2 (H)e ™ = —k2ay(t) + b(t).

So we find that ¢, (t) = be(t)e*”t, and using the FTC (x(t) = (x(0) + fot "’ Ty (r)dr. Finally, since
ax(0) = (1 (0)e=¥"*0 = (3,(0), those computations lead to

t
ar(t) = ap(0)e ¥t + / e F=T)p, (r)dr.
0

This reveals that if we could commute the sum with this integral in expressing the inhomogeneous
heat equation, then we would retreive the heat propagator and the initial data as

t
u(t) = e'®g +/ =2 f(1)dr.
0

We can view this equation as the FTC “twisted” by the heat semi-group.

2.2.3 Solutions of the Inhomogeneous Heat Equation in L?

We can use the above principle to specify strong H®-solutions to the inhomogeneous heat equation.
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Theorem (Uniqueness). Let u € C ([0,T), L*(T™)) and f € C ((0,T), L*(T™)) satisfiy

u'(t) = Au(t) = f(t)

in L*(T"), 0 < t < T, and u(0) = g. Further assume that lim._o+ [ || f(t)||dt < oo for 0 < a < T.

Then,
t

u(t) = e®g + lim e(t*T)Af(T)dT
e—01 J
for0 < t < T, where the limit e — 0T can be replaced by the evaluation ate = 0 if f € C ([0,T), L*(T")).
In particular, we have uniqueness in the considered class of function.
Proof. Let v(r) = e*~"2u(1), 0 < 7 < t, where t € (7,T) is fixed. For h € R appropriately small,

v(T+h)—ov(r) e(t_T_h)u(T +h)— e(t_T)Au(T)

= etTTTRA (y(7) + b (t) + o(h)) — BT Au(r) (2.2.5)
= ETTTMAY () — TRy (1) 4+ hetTTTMAY (1) + o(h)
/
= —h (e<t—T>Au(T)) + het=T=MAY (1) + 20(h), (2.2.6)
t

where (5) and (6) were obtained from differentiation in L?. Dividing through by h and taking the limit
h = 0 yield
V(1) = = ARy (r) + A (7).

The first term was found from e(*~7)%4(7) being a solution of the homogeneous heat equation (see
section 2.5.2) and the second term comes from the continuity of the middle term divided by h with
respect to h in (13). Using the hypothesis and the commutativity of the laplacian applied in the weak
sense with the heat propagator,

V() = —eE DB Au(r) + T3 (Aulr) + (7)) = el DA f(7),
Since f € C ((0,T),L*(T")), v € C* ((0,¢), L*(T™)) and we have

b
v(b) — v(e) = / e=IAf(7) (2.2.7)

by the FTC. As € — 0, v(e) — et®u(0) = e/®g in L2, and as b — t, v(b) — u(t) in L%. Moreover,
7 — =72 f(7) is continuous on (t — ¢, t] and

lim H/ (=D f()dr || < lim/ e®=2 F(r)ldr < lim/ () ldr < M,
€ e—0T € e—0+ €

e—0t

where M is an upper bound independent of €, so

b t
lim eUIAf(T)dr = lirré/ IR f () dr.
€E— €

e—~0,b—t J

Taking those limits on (7) thus completes the proof. O
Theorem (Existence). Let g € H*(T"), f € C((0,T),H?(T™)), where 0 < a < o, and

I
tim [ @)l < o0
for some 0 < a <T. Then, the function
t—e
u(t) = et g + h{%/ DA (1) dr

defined for 0 < t < T is in C((0,T),H*(T™)) for all s < o + 2. Furthermore, lim;_,o+ u(t) = g in
H*(T™).
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Proof. This theorem was proven in the more general case of the hyperdissipative equation in assigne-
ment 1. If we let & = 2 in the third problem of the latter assignement, then both statements are
identical. N

Remark. We often, by abuse of notation, write “fg” in instead of writting “lim._,q+ fg”, as it lightens
the computations. We want to stretch the fact thought, that taking the limit is needed, because
viewing e!® as a map from sobolev spaces, it is true that for s; > 0, e'® : H* — H* for any so
when t > 0, but in the case where t = 0, e’? acts as the identity H%* — H*', and may be undefined
(it may blow up) in H*®2 for sy > s1. This is undesired, because we wish to consider the integral of f
for general sy > 0 first, and then consider the properties of both the initial data and the external force
together to further determine which are the conditions for u to satisfy the requirements of a given
type of solution. In the previous theorem, we have found that u(t) was in C ((0,7T), H*(T™)) for all
s < o+2, but observe that for f € H?, 92 f ¢ H°t* i € {1,2}, which explains why the integral must
be evaluated under the limiting process.



Chapter 3

Mild Solutions of Semilinear Parabolic
Equations

3.1 Local Theory

In the previous chapter, we found many interesting propreties of u(t) = e!®g, g € H®. For example, we
found that u € C ([0,00), H*), u(0) = g, and that e(**9)2g = ¢52¢t2 ¢ 5 > 0 (semi-group property).
While some inequalities such as |[u(t)||oa < ||g]la Were immediate, we have also derived suprisingly

useful inequalities such as
[u(®)]s < Ct™"||glla;

and .
u(t) = u(t = h)|s < ClAlE " |gla, [h] < 2

S—«o

for s > «, where in both of the above equations x = (we refer the reader to the treatement of
Ing(h)|? in appendix A.3). In this chapter, we want to establish a theory for a generalized setting in
which we could derive similar results and regard some aspects of the previous discussion as special
cases.

Definition. Let X and Y be Banach spaces. We say that f : X — Y is locally Lipschitz if Vr > 0,
3C, € R s.t.
1f(z1) = f(@2)lly < Crllzr — z2f|x

for all 21,29 € X, max {||z1|x, [|z2]|} <.

We consider in this chapter Banach spaces X and Y such that X — Y. We let f : X — Y be locally
Lipschitz and {E(t)},, be a contraction semi-group in X, i.e.

o Wt >0, E(t) : X — X is linear with | E(t)]| < 1, where | E(t)]| = supye x 50,
o For each g € X, the map t — E(t)g is in C ([0, 00), X);
o E(0) =1id. and E(t + s) = E(s)E(t), Vt,s > 0.

In addition, we assume that E(t), ¢ > 0, can be extended to a bounded linear map E(t) : ¥ — X
satisfying:

o |E@yllx < CA+t7)|ylly, and
o |E(t)y — Bt — h)ylx < CIAIL+ %) lylly, 0 < & < 1.

22
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We will call (F) the problem of solving equations of the form

g-l—/Et—T (r))dr, tel,

for solutions v € C (I, X), where g € X, I =[0,T) or I =[0,T].

Remark. Here again, “fot” stands for “lime o f:fe”. Formally, for f : X — Y, E(0)f(u(r)) is
undefined, because from the above conditions, the latter only acts as the identity on X, and we
assumed it can be extended to Y\ X only for ¢ > 0.

Theorem (Local Existence). For any r > 0 and R > r, 3T > 0 such that if ||g||x <, (E) has a
unique solution in
Urr={ueC(0,T],X):|u(t)|x <RVte|0,T]}.

Moreover, the map g — u : B, — Ugrr, where B, = B,.(0)x = {9 € X : ||gl|x <r}, is Lipschitz
continuous.

Proof. Let g € B,, u € Ug r and define the map u — ¢(u) by

o) = E(tg + / E(t — 1) f(u(r))dr.

uo(t) w(7)

ul(t)

It is immediate from the conditions on {E(t)},~ that this map is well-defined. We want to show that
¢ :Ugpr — C([0,T], X), but it immediately follows from the semi-group properties and the Lipschitz
continuity of f that ug € C ([0, 00), X) and w € C ([0,T],Y), so it is sufficient to derive that

t—h
lur () —wn(t — h)l| = ||/Et—T mr— [ B —h =)ol

_ ||/ Bt — r)w )dr+/ (B(t — ) — Bt — h — 1)) w(r)dr|

IN

t—h
||/ E(t — m)w(r)dr|| + ||/ Et—71)—E({t—h—71))w(r)dr|

< R4 (t—=T7)TF)|CL A1+ (t = 1)) Cy (3.1.1)
<M 4R,

where (1) follows by definition.

We now want to show the uniqueness of the solution in Ugr . To do so, we will use the Banach
Fix Point theorem. We will first show that ¢(Ur 1) C Urr. We have

IE@glx < [1E]xllgllx < llgllx,

SO

A

lp(w)®D)x < IIE(t)gHXJrH/OE(t—T)f(U(T))dTHX

IN

lgllx +C / (1+ (¢ = 7)) fu(r)llydr

IN

o+ C/O (L+ (= 7)) [ (ul(r)) = FO)lly + 1 £(0)lly]dr

A
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But as

A= / 1Fu(r)) = F(O)ydr + / 1£0) |y dr
+ / (t— 1) f(u(r) — FO)[lydr + / (t — 1) £(0)]lydr

< CrT||u(M)lleqo,m,x) + TIFO)ly + CrT " lu(r)lco,r1,x) + T 7I1£(0)ly

we can take T small such that ||¢(u)(t)||x < R.

If we consider another function v € Ug 1, then we observe that we also have

[p(u)(t) — ¢()B)x < II/0 E(t =7) (f(u(r)) = f(u(r))) dr|

IN

C/ (L4 (= 7) ") f(w(r) = fo(r))llydr
0

IN

CCp [ / lu(r) — v(r)l|xdr + / (t — 1) u(r) — o(r) || xdr

CCrllu(r) = v()llcqo.ry,x) [t + 17"
CCr (T + Tliﬁ) Ju(r) — ”U(T)HC([O,T],X)

IA A

Hence, choosing T small enough so that both the above and CCgr (T + TI*“) < 1 holds, it follows,
since Ug 1 is closed, that ¢ : Ur,r — Upg,r is a contraction. Thus, we conclude from the fix point
theorem that 3! w € Ugr s.t. ¢(u) = u. We let the Lipschitz dependence of u on g is left as an
exercise. O

Exercise. Prove the Lipschitz dependence of u on g stated in the last theorem (see question 2 of
assignement 2 for a mathematically precise statement of the claim and its proof).

Theorem (Uniqueness). If u; € C([0,T;],X),i = 1,2 are two solutions of (E), then u; = ug on
[0,71] N[0, T5].

Proof. Let T = min {7y, T}, t € [0,7] and R = |Ju1/oc + ||t2]|co- From

l[ur(t) —u2(t)llx < CCR/O (t = 7) " ur(7) = ua(r) | xdr,

which we derived in the last proof, we let y(t) = |Ju1(t) — u2(t)||x and b(t — 7) = CCr(t — 7)~" to
write

y(t) < / b(t — 7)y(r)dr, y(0) = 0.

Recursively, this implies, with 7 = ¢, that

t prt1
y(t) < / / b(tl — tz)b(t — tl)y(tg)dtgdtl
0 JO
t prty tn—1
S / / / b(tn_l — tn)b(tl — tQ)b(t — tl)y(tn)dtndtn_l...dtl.
0 JoO 0

Using that
! x—1 _ y—1 _ T _ F(x)F(y)
/0 (1 =)V dt = B( 7y)_7f(3:+y)

b
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we find that
/Otau_ﬂ% — /Ot(;)“(l_;)bm
t a b
e[ D)
thtat+l /Ot (w)* (1 —u)’dr

P Bla+ 1,0+ 1).

Hence, using y(ty) = [lu1(tn) — ua(tn)|x < ur(®x + [u2(®)]x < R, we integrate

t tl tnfl
/ / / b(tn,1 — tn)b(tl — tg)b(t — tl)y(tn)dtndtnfldtl
0 JoO 0

t t1 tn—2 trn—1
SR@£/ /.:/ b@ﬂ—%Amm—mwp%ﬁ/ (b — £) "ty 1.ty
0 0 0 0

i i1 tn—2 1
= RCRC/ / / b(tn—o —tn_1)b(t1 — t2)b(t — tl)y(tn)/ t (1 — w) " dudt,...dty
0 JO 0 0

L(1)I(1 — k)

t tn—2
_ 2 M2 ) —k+1 _ —K
= RCRC 71_‘(2 — I{) /0 [] /0 tn—l (tn_g tn—l) dt,_1...dt;

(1 —k)2T(2 -k ¢ tn—3 ke
:RC’%CBF( )T )/0 [...]/0 20T (t g — ty_o) Pty _s...dty

(2= K)(3—2r)

I'(1-k)? ¢ s oo
:RC%C?’%/ [...]/ 20 (g — b)) dty_s...dty
r ) Jo 0

1+2(1—-k
and conclude from this pattern of integration that

T(1 - k)"

t) < 2 n ntn(lfn)—.
y(t) < 2RCRC I'(1+n(l-k))

It follows from Sterling’s approximation formula that y(t) — 0 as n — oo. Indeed,

re =2 () (1+0ld).

and so T(1 4+ n(1 — k) ~ (n(1 — £))"* ™) where

n(l — k)log (n(1 — k)) >> nlog(a)

for a constant. The conclusion thus follows from letting a = Ct!~*T'(1 — k) and taking n — oo.
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Definition. Let u; € C(I;, X), i = 1,2, be two solutions of (E). Suppose, w.l.o.g., that Iy C I;. We

call u; an extension of ug if uy|z, = us.

Remark. For uy; and us defined as the in the previous definiton, u € C(I; U Iz, X) given by

u(t) = {ul(t), tel

UQ(t), te Ig

is an extension of both u; and us. Indeed, it follows from the last uniqueness theorem that wu is

well-defined, and it is immediatly a solution of (E).
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Definition. We call a solution with no proprer extension a maximal solution, and we refer to the
upper boundary of its domain as the maximal time of existence.

Lemma. Suppose that a maximal local solution of (E) exists. Then it is unique, and it is defined on
an interval of the form I =[0,T), 0 < T < 0.

Proof. Suppose two maximal solutions u; and us exist on I3 and I respectively. As we remarked, we
can define a third solution u € C(I, X), where I = I; U I5. This function u is an extension of both u
and ug, and thus by maximality Iy = I = I, and from uniqueness u; = us.

It is left to show that I doesn’t contain w’s maximal time of existence. We will proceed by con-
tradiction. Suppose I = [0,T] for some T > 0. Then ||u(T)||x < oo and we can find a solution
v € C([0,¢€),X), for some € > 0, such that

Define

u(t), 0<t<T
w(t) = .
vit—T), T<t<T+e

It is readily seen that w € C([0,T + €), X). We will show that w solves the same problem (F) that u
solves, thus contradicting the maximality of u. For T'<t < T + ¢,

wit)y=vt-T)

t—T
:E(t—T)u(T)+/O E(t—T — 1) f(u(r))dr
t—T
— B(t-T)E(T)g+ E(t—T / B(T — ) f(u(r ))dT+/ E(t—T — 7)f(u(r))dr
=E(t— g+/ Eit—7)f dT+/Et—T —T))dr

= B(t)g + / B(t —7) f (1)) d
0
where we have used the semi-group properties and the definition of w. This completes the proof. [

Theorem. There exists a unique mazimal solution v € C ([0,T),X) to (E). Moreover, if T < oo,
then ||u(t)||x — o0 ast — T

Proof. Let T be the set of T > 0 s.t. 3 a solution v € C ([0,T],X) of (E). Notice that if T € T,
then T* € T for any T* < T, thus T = (0,T) for some T" < oo by the existence theorem and the
argument used in the above lemma, because otherwise we could find € > 0 s.t. a solution exists in
C([0,T +¢€),X), which would imply the contradiction ' < T + § € T.

To each t € T is associated a solution uw; € C([0,¢],X). Hence, we can define a function u €
C([0,T),X) by

)

t t<T
u@:{w ) 0<i<
9s t=0

where continuity comes from the uniqueness of the local solutions. We claim that this is a maximal
solution. It is straight foward to verify that

u(t) = u(t) = E(t)g + / E(t — 7)f(uy(r))dr = E(t)g + / E(t — ) (u(r))dr,
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since the last equality holds from the fact that u:(t*) = w=(¢*) = u(t*) for any ¢t* < ¢ , again by
uniqueness. Thus, u solves (E), and as it is immediate for the choice of T' that it is maximal, we are
now left to prove the claimed limit behavior of w.

Let T < oo and suppose ||u(t)||x < M, t € [0,T). Solve (E) with initial data wu(ty) and take
tp — T~ . For each k € N, u can be extended to a solution defined on [0, ¢ + €) with € > 0 in the same
way we extended u to w in the last lemma. Since from the local existence theorem e depends only on
the norm of X and the initial data g, t + € > T for k large enough, —<+—. O

3.2 Regularity of Mild Solutions

We will consider the equations

_ 2
{ Ou = Au + Ku (3.2.1)

Ulp=o =g € H*(T™) °
where k € R and s > 3. This example will exhibit a general approach to investigate the regularity
of the mild solutions of similar equations (see Assignement 2). We know form section 3.1 that there
exists a maximal mild solution u € C ([0,T"), H*(T™)) for some T > oo, as it is readily seen from the
Banach algebra property of the Sobolev spaces that ku? € H?(T") for v € H°(T") and that it is
locally Lipschitz on H?(T") for any o > .

We will first show that w is regular in space. To do so, we will show that d,u = Au + xu? strongly in
H*(T") for any s > %, and from the results in previous sections (recall the regularity in space argument
of the regularity theorem in section 2.1.4.1), conclude in favor of the regularity of u. The idea is to ob-
serve that since g € H*(T") and w(7) = k[u(7)]? € C ([0,T), H*(T")), it follows from the existence and
uniqueness theorems of the inhomogeneous heat equation of section 2.2.3 that v € C ((0,T), H*T%),
«a < 2. In particular, u € C ((O, T), HSH), from which we have u € C ([e, ), HSH). Now considering
u(e) as the initial datum,

t+e
u(t) = emu(e)—l-/ e(t+€_T)Aw(7)dT
o
= emu(€)—|—/ A (r + €)dr
0

leads the problem back to an analogous setting in H**1(T"). Indeed, w(- +¢) € C ([0,T —¢), H**1)
= u(-+¢€) €C((0,T —¢), H?)
= u e C((0,T), H**?),
where we have used the continuity of w and u in H5*1(T"). As we may repeat the above indefinitely,
we conclude that v € C ((0,T), H?) for any o > 3.
To establish regularity in time, we consider, using the above equality in H?(T"), o > 0,

u'(t+h) —u'(t)  Au(t+h)— Au(t) u(t + h)? — u(t)?
h = h +K A .
A B

We derive that

u(t + h) — u(t) (u(t + h) —u(t))

N— , N—— ——’
i o
—s/(t) in Ho+2 W (t) in He —2u(t) in H

converges in H?
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thus u”(t) = Ad/(t) + 2ku(t)u/(t) in H?(T™), and repeating the calculations, we find that
u"(t) = A2ku/ (t)u' (t) + 2ku(t)u” (1),

etc. Hence, u € C* ((0,T), H(T™) and it follows that (1)

is classically satisfied by the mild solution,
i.e. we have found that u(z,t) := u(t)(x) € C> (T™ x [0,T)).

3.3 Limit Behavior of Mild Solutions in Time

3.3.1 A Comparision Principle

The following theorem will allow us to investigate the behavior of a given solution by comparing it to
the solutions of simpler equations, or to solutions for which we have already considered the properties.

Theorem (Maximum Principle). Let u € C (T" x [0,T]) N C?(T™ x [0,7)), f: (0,7] — R"™ and
¢ be a bounded function T x (0,T] — R. If

Ou—Au—f-Vu—cu>0onT"x (0,T] and u >0 on T" x {0},
then u >0 on T™ x (0,T].

Proof. Suppose for contradiction that w has a negative minimum on T™ x (0,7]. The function
v(z,t) = e “*u(z,t) also has a negative minimum on T" x (0,7]. Suppose that v acheives this
minimum at (zo, to).

On the one hand, Av|(,, 4,y > 0 from the second derivative test and 0;v|(,.+,) < 0, because either it
vanishes at (zg, tg), or it is a boundary point; thus

Ov — Av < 0. (3.3.1)
On the other hand, we have by hypothesis that
O — Av = —ae”™u+ e (Qu — Au) > —ae" “u+e " (f - Vu+cu) = —av + f - Vu + cv.
Hence, as Vu|(4,,4,) = 0 from (z0, t9) being an extrema, d,v—Av > (c—a)v at (29, o) in T" x (0, T]; and

since c is bounded, we can take o > max, ¢)eTn x (0,7] Z(, t), 80 that from v < 0, we have 9;v—Av > 0,
which contradicts (1). O

Corollary (Comparision Principle). If v and u satisfy

Ou—Au—f-Vu—cu>dw—Av—f-Vv—cv onT" x (0,7
u>wv on T" x {0} ’

then u > v in T" x [0, T].

3.3.2 Finite Time Blow Up and Global in Time Solutions

We will investigate in this section the solutions to two different PDEs. One of these blows up in a
finite amount of time, while the other doesn’t.

We first compare the prototypical example

_ 2
{ Ou=Au+u (3.3.2)

uli=o =g € H*(T"), g>0,5> %
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with v(t) = 7, which solves the ODE d,v = v2. If we let u € C ([0,T), H*(T")) be the smooth

v(o)

maximal solution of (2) and we choose v(0) = minger» g(z) > 0, then u — v > 0 on T" x {0} and
Or(u—v) — Alu—v) =u? —v* = (u+v)(u—v). (3.3.3)

Hence, applying the Maximum Principle with f = 0, ¢ = u 4+ v and viewing the equality in (3) as an
equality, we find that u > v = m

Theorem. The solution to the above PDE with the stated boundary conditions blows up in a finite
amount of time. This behavior at T can be estimated as 1/ maxg <T < 1/ming.

Proof. Let u € C([0,T), H®) be a maximal solution. We already know that v € C*° (T" x (O T))N
C (T" x [0,7T)) and that d;u = Au +u? classically in T" x (0, 7). Suppose that T > Ty = mmg From
the comparision principle, u(z,t) > 1/(Ty — t) for any t < Tp. This implies |Ju(+,t)||pe — 00, which
is a contradiction, because ||u(-,t)||pe < ||u(t)||s < co. Hence, we conclude that T' < Tp.

We now want to prove the claimed lower bound. We proceed by contradiction again and assume
T<Th = maxg We must have ||u(t)||s — oo as t — T. This will be a contradiction, as we will show
that neither ||u(t)| L nor ||u||s is blowing up on [0,7] when we assume T' < 1/ max g. In order to to
so, we observe that since for t < T, |u(z,t)] < 1/((1/]|g]lcc) — t), then

1
(e, )] < ——

o —— e C([0,T),R).

This yeilds the basic estimate supy<;r [[u(t)||oc < 00. We conclude the proof by proceeding as in
Annex 2. O

Now consider the equation dyu = Au — u?, u(-,0) = g > 0, which can be compared to the ODE
v = —v?, for which we have the solution v(t) = 1/ ((1/v(0)) + t).

Theorem. The solution to the above equation dyu = Au — u?, u(-,0) = g > 0, with g € H*(T"),
s >n/2, is global in time. i.e. T = 00, and

—F— <
+t

max g min g

for all t € (0,00).

Proof. Again, we use the basic estimate ||u(t)|co < ||g]loo V¢ < T and proceed as in Annex 2 (see
question 3). O

3.3.2.1 Controllability
Definition. Suppose u is a regular solution of a fixed initial value problem on (0,7). Then a quantity
q(t) = Q(ta {u(s)v 0<s< t}

is said to be controlled for time T, if 3 a function f : [¢,Tx) — R independent of T such that
q(t) < f(t) whenever 0 <t < T < T.

Remark. Controllability may depend on other data in the problem.



Chapter 4

Mild Solutions of the Navier-Stokes
Equations

After briefly introducing a new notation, we will be ready to investigate the Navier-Stokes equations
given by
Ou=Au—u-Vu—Vp
NSE div(u) =0 ,
uli=o =g (divg =0)

where u(z,t) € R™, p(x,t) € R.
Einstein’s notation will be used throughout the chapter; and given u,v € R", we define
(u®v),;; = u;j,
(V ® u)ij = (9Z‘Uj,
VP @u:={0%: |a| =k,j=1,..,n},

and
[ullf == llull7> + |ulf, where |ulf = |[V* @ ul|Z.

As expected, Duhamel’s principle may be applied to systems coordinatewise. If
f:H(T",R™) — H*1(T",R™)
is continuous, then the mild H*-solution of d;u = Au + f(u) is defined by

u;(t) = emgj +/0 e(t_T)Afj (u(r)) dr.

The solution of a such a PDE system may thus still be expressed as in previous chapters by

uy =g+ [ "= (u(r)) dr,
0

but it must be understood that for a function h : T — R™, the action of the heat propagator is best
viewed as a m X m matrix multiplication:

ec 0 -0 hy A h,

etAh B 0 et ho B etAhQ
0 :

0 0 etA h,m etAhm

30
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4.1 Existence of Unique Regular Mild Solutions

4.1.1 The Leray Projector

We immediatly observe that the main equation of the NSE is not in the form dyu = Au+ f(u) that we
have been studying in the previous chapters. Exploring the consequences of the divergence condition
imposed on u will allow us to work around this problem and express the equations of the NSE in the
desired form.

Suppose u(t) is a solution to NSE at some time ¢ > 0, then div(u) = 0, and so it follows from
Oydiv(u) = Adivu — div (u - Vu) — divVp,

assuming that d;div(u) = 0, that div (u-Vu) = Vp. In other words, the pressure term counter-acts
the divergence caused by the nonlinear term w - Vu to ensure that 9;div(u) = 0. Informally, we may
view the nonlinear term as

u - Vu = Divergence free part + Pure divergence part,

where Pure divergence part = —Vp. There exist results related to the divergence part of the nonlinear
term which state that one can always rewrite the latter as the gradient of a scalar function. Hence, it
is reasonable to expect that

Ou = Au—P(u-Vu),

where Pv, v : T" — R is the divergence free part of v. How can we formally define such a function P
such that this is indeed the case?

Let v € L?(T",R") be a vector function and consider in the Fourier space, the integer lattice Z"
in which is suspended, at each & € Z", the vector coefficient 6(&) = (v1(§), ..., Un(£)). As

o —

div(v)(§) = O1v1+ ...+ Opv,
= &€ + ... + 6 0n(§)
= i§-9(¢
- ¢|g\f ';(5), (4.1.1)
——

R

where R is the radial component of #(§) with respect to the the n-sphere centered at the origin with
radius &, and that

-

grad(p)(€) = (91p(©). - Iup(©))

= (i&p(§), -, i&ap(§))

= ip(§),
with p(§) € R is a vector parallel to the radius £, we understand that Vp acts on the solution by
removing the described radial part of its Fourier coefficients in the defined Fourier space lattice. In
other word, the functions for which the &** Fourier coefficient is tangential to the described n-sphere

with radius £ for every & € Z" is divergence free, and p acts on u by removing the associated non-zero
radial components so that the divergence of u vanishes. The following definition for P is thus promising.

Definition (Leray Projector). The Leray projector

P: L?(T",R") — L*(T",R")
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is defined in the Fourier space by

Bole) = ()~ <|§| ~@(£>> = (Id - 555) 8(6),

with Po(0) = ©(0) (or zero).

Lemma. The Leray Projector satisfies the following properties.
(i) P2 =P;

(ii) (v —Pv,Pg) =0, Vv,g € L2(T™)";

(iii) divPv =0, v € HY(T™)"; and

(iv) P: H3(T™)" — H*(T™)™ with norm 1 for any s > 0.

Proof. (i) and (i7) are immediate from P being projection. To prove (i), it is sufficient, from the
equality (1) derived in the above discussion, to show that & - Pv(¢) = 0. This is indeed the case. By

definition, Fote) = o(6) - % <é| .ﬁ(§)> =0(§) — (5 '3(25)) 3

and in this from, it is easy to see that

¢ Po(e) = £ 0(6) - (ﬂgf’) (€-€)=0.
HE

Finally, 9(§) - £ = 0 by definition, hence

—~

[Fo©)* = [Pu(€) - Pu(€)| = [Pu(€) - 5(¢) ~ 0] < [Pu(&) 1o €)]
and dividing both sides of the inequality by \@(5 )| proves (iv). O

Remark. If div(u) = 0, then in general diu; = 0, and thus (div(u®wu)); = (Qiujui); = widiu; +
w;Opu; = uw;0uj; = (u-Vu), ie. div(u®u) =u- Vu.

Proposition. The following proposition may be stated in two parts.

(I) If u € C?(T™ x (0,T),R") and p € C* (T™ x (0,T)) satify Oyu = Au—u-Vu— Vp with div(u) =0
in T™ x (0,T), then we have

Ou = Au—Pdiv(u®@u) in T" x (0,7).

(IT) Conversly, if u,w € C ([0,T), L*(T™)") satisfy div(u(0)) = divg = 0 and v’ = Au—Pw on (0,T),
then div(u) =0 and 3p € ((0,T), H'(T™)) such that

v =Au—w—Vp on (0,T).

Proof. Since div(u) = 0, it follows by continuity that P(v/) = (Pu)’ = «/ and PAu = APu = Au.
Moreover, it follows from the nature of the projectivity in the definition of P exhibited in the above
discussion that PVp = 0. We conclude that (I) is a result of the last remark.

In order to prove (I1), first observe that (u — Pu) (0) = 0 implies that « = Pu and thus that div(u) = 0.
Secondly, since (v — Pu)’ = A (u — Pu) and (Pu)’ = Pu’ = APu— Pw, the required p is found by defin-

ing _
Pe) = 2

= e - (£)
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(p(0) = 0), so that

Tp(e) = i E) —ﬂifw(&

from which we obtain

O

Corollary. If u,div(u®u) € C([0,T),L?) are such that v’ = Au — Pdiv(u® u) with divu(0) = 0,
then 3p € ((0,T), H*(T™)) for which

v =Au—div(u®u) — Vp
divu =0 '

4.1.2 Maximal Mild Solutions

We conclude from the last two theorems that (V) may be reduced to a form for which we have already
proved the existence and uniqueness of regular mild solutions in the case of a locally Lipschitz external
heat energy. From now on, to simplify computations, we will assume w.l.o.g. the initial condition g of
the NSE problem to be such that [}, g =0, and thus that @(0) = 0.

Theorem (Uniqueness, Regularity and Finite Time Blow Up of Mild Solutions). The
Navier-Stokes Equations with initial data g € H*(T™)", where div(g) = 0 and s > %, has a unique
mild solution v € C ([0,T), H*(T™)™) for some T > 0. The mild solution is smooth in T™ x (0,T),
hence classical. Moreover, if T < oo, then ||Ju(t)]|s — o0 ast — T

Proof. We need to solve the equation v’ = Au + f(u), where f(u) = Pdiv (v ® u). From chapter 3,
it is sufficient to show that f : H*(T", R") — H*~!(T",R") is locally Lipshitz in order to prove the
existence and uniqueness of a maximal mild solutions, but this follows immediately from the fact that
f is a composition of u®@w : H*(T",R™) — H*(T™, R"*™), which is locally Lipschitz for s > % by the
Banach algebra property, and the two bounded linear function div : H*(T", R"*") —s H*~1(T" R")
and P: H*~Y(T",R") — H*~1(T™,R"). The rest of the proof goes through without problems. [

4.2 Existence of Global Solutions

We understand from the previous theorem that global control on ||u(t)||2 would be required (the Banach
algebra property is needed) and sufficient to establish the global existence of the maximal solutions of
the two and three dimensional NSE. In this section, we explore how one can acheive, or at least partly
acheive, this control.

Proposition (Basic Energy Identity). For u € C* (T™ x [0,T)), a mazimal solution of NSE, we
have the following BEI (basic energy identity):

1
§dt||u||2 + [V ®ul|? = 0.
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Proof. Integrating over T",
1 > _ 1 2
pdlul® = Zat [ Ju
_ ldt/ 2 2
= uj + us
2
= /matul + u20ius
= /u - Oiu
= /u~Au7/u~(div(u®u)+Vp)
= /u'Au—/u~diV(u®u)—/u~Vp.
| 2 S —
A B c
As div(u) = 0 by hypothesis, integration by parts immediately yields that
C= /ukakp = - /paku = - /pdiv(u) =0.
Now, on the one hand,
(AR50 UL Unp,
B = /u - div
UpUy  wee Uply
U1U1
div
UnpUl
= /u . :
UL Unp
div
Uy Unp,
81 (ulul) + ...+ 8n (unul)
- [ r
01 (ulun) + .o+ O (upuy)
n
/ uy, Za UiUE)
=1
/uk@ UiUE)
and on the other hand, since upui0;u; Zk 1 Ukl ZZ 1 0iu; = upupdive = 0, integrating by parts

again shows that we also have

B = /ukai (uug) = /ukuk@-ui + /ukui&-uk = —/uk&- (ugu;) .

Hence B = [ u;0; (u;ux) = 0, and we conclude, using integration by parts one last time, that

1 n
sl =4=3" [wdtu; = - [ @) @) =~ [IVeul =~V ul?
k=1
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O

Remark. Integrating both sides of %Hu”2 = —2||V ® u|? with respect to time on [0,t] yields an
equivalent and useful integral form of the BEI:

t
\MW=HMMF+2AHV®u@M%S

=Hme+zA\u@g@.

The last proposition shows that knowledge of a given initial initial datum g yields an initial basic
control on the L?H'-norm and the L>°L?-norm of the mild solution u. We would like to identify the
additional conditions under which we could extend this control so that global existence is garanteed.
The first step towards this objective is to consider the equation

0rO0ku = Adgu — O (u - Vu) — 9, Vp.
Using the same techniques that we have used in the last proposition, we derive that

1d
2 dt

Ok /3w-&mu
= /&gu - 0y (AOku — O (u - Vu) — 0 Vp)

= /8;€u - (OpAu — O, Vp) — /6ku O (u - Vu).

A B

We further find that

B = /aku-ak(u~Vu)

8ku1
= / <Ok (u101u + ... + upOpu)

(9kun
/ oL Ok (ulalul) + ...+ 0O (un8”u1)
Ok, Ok (u101up) + ... + O (UpOnuy)

= /akUj (ak (uiai’u,j))

—/aiu-(u-Vu),
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where the last step follows from integration by parts, and that

A /aku-akAu—/aku-akVp

- Zj:/aku_jak (97u;) _/(8kuj)8k (95p)
_ _i/akaiujak (8iuj)+/(3EUj)aj
= ii/(akaiuj)Z */P@f@

i=1 j=1 =0

= —/|V®5ku|2
= —|IV®dhul?,
where again, integration by parts was a precious tool in the derivation of the last equalities. Hence,
Dol = —2|V @ Opul? +2/82u- (u- V) (4.2.1)
dt" " g i
< —2||V®aku||2+2/|a,3u||u-w|
< —2||V®aku||2+/|8,3u\2+/|u-vu|2 (4.2.2)
= 2|V @ deul]? + |Rull? + [[u - Vull?,

where (2) follows from the fact that ab < (a® + b%)/2 for any real numbers a,b > 0. The above
derivation allows us to find an analog inequality for the norm of V ® u. Indeed,

d 2
$/|V®u\

S /(8kui)2

k,i=1
d n

- Iy / Ol
k=1

d 2
= Y Slol?,

d 2
ZIveul

thus using (1) and going through the above arguments once again,

—22 |V & Opul® + 2/2 (Ofu- (u-Vu))
k=1 k=1

—2/ z": (aiakujf + 2/Au (u-Vu)
k

2Jri=1

d 2
SV eul

IN

—2/|V2®u|2+2/|Au||u-Vu\

IN

V2@l + / Au? + / - Vu?
—2HV2 ® u||2 + ||Au||2 + |- Vu||2.
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This is an enlightening inequality, because since ||Au||? < ||V? ® u||?, we have

d
FIveul® < =2V eul® + | Aul + u- Vu|?

—IVZ @ ul|® + |Ju - Vul?, (4.2.3)
IV @ ul]® + [JulZ || Vul?

IN

and it follows from Berstein’s Theorem that

d
ZIveul® < IV @ul® + Collul7 [ Vull*
—IV2 @ ull* + CollulZ |V ® ul®

IN

for any o > %, where C, is a constant which depends on . In other words,

d
Ul < —[ulz + Collullglult S ulllult,

and applying Gronwall’s inequality to the latter yields
t
()i < [u(0)[{ exp {/O IIU(8)|3d8}~

This suggests that we could acheive global control on dyu provided we have control on fg lu(s)||2ds,
i.e. provided the L2H%-norm of u is controlled, where the only condition imposed on the degree of
H? is that o > 5. In the two dimensional NSE, this requirement is that o — 1 > 0, and one can show
that the problem is globally solvable. In three dimensions though, the L?H'-norm control on u given
by the BEI is not sufficient to establish control over the derivative, because the condition o —1 > %
requires to overcome a positive gap between our current degree of control and the critial one, a chal-
lenge for which no mathematical tools or techniques were found effective yet. We will thus need to
consider an additional condition on the initial data to obtain global solvability in the 3D NSE problem.

In order to prove the two dimensional case, we need to equipe ourselves with some essential inequalities.

Lemma (One Dimensional Agmon’s Type Inequality). For f € C' compactly supported in R,
then

F@)? <l F | L2 )-

Proof. Since

fl@)* < Q/j f(s)f'(s) < 2/ HOINEO]

— 00
and

s <=2 [T o6 <2 [Tl o)

we have

far < [ SO 6),

— 00

and it follows immediatly from Cauchy-Schwartz inequality that

rar< ([ |f<s>|2)é (/ |f’(s)l2>;-
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Corollary (Two Dimensional Ladyzhenskaya Inequality). For a C' compactly supported func-
tion u over R2,

ullZa@) < llullzz @I Vull 22 @)
Proof. The proof relies on the application of the 1D Agmon’s type inequality to each variable of w.
This yields

w(z,y)* = u(z, y)’u(z,y)?

< ([ wtermpas) ([ustormpas ) ( [ utesapas.) ([ |uy<x,52>|2dss>r,

from which

| [utemtaa< [ ([ |u<sl,y>|2dsl)é (/ |ux<sl,y>|2dsl>édy

3 3
/ (/ |u(x752)|2d32> (/ |uy(:1c,32)2d32) dx.
R \JR R
Using Cauchy-Schwarz inequality, we find that

[ [ ety < [( [ [utsmpasar) ([ [ |u<oc,52>|2dszdac)]é
[( [/ |um<sl,y>|2dslczy)é (L] u<x>|ddx)]
< ([ [rutepasay) ([ [ 1vupdzay) = juls 19l

O

Remark. The above inequalities can be generalized. The stated versions are sufficient to acheive our
goals in the following theorems, but it is interesting to know that the conditions imposed on u and f
can be loosen to weak differentiability requirements.

Corollary. If u € H(T?) then there exists a real constant C,, > 0 such that

ullZagrey < Cullull 22y lull o 2y

Proof. We want want to use the periodicity of u to create a functional setting in which we can apply
Ledyzhenskaya inequality. Let ¢ € C°°(R?) be such that ¢ = 1 on T = [0, 27]?, ¢ = 0 on R?\ (-2, 47)?
and 0 < ¢(z) < 1 Vx € R Then for u € C1(T?), ¢pu € C*(R?) and supp (¢u) = [—27,47]? = Q. Since
Q is compact in R2, it follows from Ledyzhenskaya inequality that

[ullZa 2y = lQull7ary < loullFamy < loullL2@ | Voull L2 @)-
On the one hand,

lpull2r) < 9llze @) llullzzry = [1@llLe @) llullLz(r2y S [Jullz2(r2)-

On the other hand, since ||Vu| p2(r2) = [u|g1(r2), we also have

HV@JHL?(R) = HQWUHL?(Q)||UV¢HL2(Q)
< @l zee @I Vull 2 (r2y + (VO Loo (|2l 2 (12)
S (lullzzcezy + [IVullz2(r2))
S lullare).
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Combining the two inequalities yields
||UH%4(T2) S ||UHL2(T2)||UHH1(T2)-
O

Remark. In the next theorems, we will in particular use the inequality Hu||2L4(T2) < Cullull 22y |l g 2y
The latter holds immediatly in the current setting because the assumption 4(0) = 0 implies that
lul| 2 (r2) = 0. In fact, this hypothesis implies in general that || - [|zs1 <[ - [z if 51 < s0.

Theorem (Global Solvability of the Two Dimensional NSE). The two dimensional NSE is
globally solvable for smooth initial data.

Remark. The smoothness assumption is for convinience. The theorem holds for initial data in H*', or
more generally, in H® for any s > 1.

Proof. Recall that before proving the above inequalities, we were considering the equation
OrOku = Adgu — Ok (u - Vu) — 0 Vp.
In trying to globally control ||u|1, we had derived equation (3):
d
SNV @ul® < V2 @ ull® + u- Vul

Assuming u is a mild solution of the 2D NSE, we can use Ladyzhenskaya inequality to reach an
inequality which is viable for the comparision principle to yield this desired control. Indeed, it follows
from (3) and the Cauchy-Schwartz inequality that

d
ZlIveu® < —fuf +[lu- Vul®

< —|u|§—|—/ |u-Vu|2
Tn
< g+ / Va2
']I‘n
1 1
2 4 2 4 2
< |u|2+(/ |u) (/ Vu)
Tn T
< a2+l V.

Applying Ladyzhenskaya inequality to the right and side of the last inequality yields

d
alug < —ful3 + Cuvallull e ul [Vl 2 [Vl

—[ul3 + Cuvullull 2 [ulf|ul>

4
—lul3 + ullZ: luly + Jul3

A\

2 2
= llulZelulyluly

Hence, Gronwall’s inequality implies that

u(®) < Ju(0) B exp { / t |u<s>||Lz|u<s>|%ds} |

and since the BEI yields control over both the L>°L? and the L?H'-norm of u, this inequality may be
simplified to

u(®) < Ju(0) B exp { / t |u<s>|%ds} |
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We thus have control on ||ul];.

We now consider the equation
0p0;Oku = AD;Oku — 0;0k (u - Vu) — VO,;0rp

in the hope that the previous techniques that we have used to bound ||u||; will also allow us to control
|lu||2- Following the same formal arguments, we apply integration by parts to derive

%uaiaku\\? - 72||V®a¢aku|\2f/aiaku.aiak. (u- V)

—2[|V ® 0;0xul|? +/8i23ku <O (u-Vu),

which further implies that

d n
%||V2®UH2 < —2||V3®u||2—|—/Z@f@ku%?k(u-Vu)
kyi=1
= 72||V3®u||2+/ZA6ku~8k (u-Vu)
k=1
< —2||V3®u||2+/ZA8ku-8k (u-Vu)
k=1
< —2||V3®u||2+/Z|A8ku||8k (u-Vu)|
k=1
= 2|ViP®ul?®+ /Z(@f@u;ﬂwﬁ ( (Gkuiaiu)2)
kyirj k=1
< =2|VPeul*+ VP e@ull|V® (u-Vu)|. (4.2.4)
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Now, observe that from the product rule and the Cauchy-Schwarz inequality,

IV® (u-Vu)|? = /|V®(u-Vu)\2

= / Z ukaku]

R

3

n 2
(9 uk 8kuj + Zukﬁﬁku])
1 k=1

1,7=1
n n 2
3,j=1 k=1
< 2/ > ( (8iuk)2> (Z(akuj)z) /Z (Zukﬁ Bku]>
i,j=1 \k=1 k=1 i,j=1
= 2/ Z (B5up,)? Z (BkuJ /Z lu - 0;Vu,|?
i,k=1 7,k=1 1,j=1
< {/W@uﬁ+2/§jWH6VwF
1,j=1
= AV U2 [l Y @dw)’
i,j,k=1
= 2|V®uli —|—2/|u\2|V2®u|2
< 2V eulfs +2ul2 |V @ ul|2a.

Hence, it follows from Ladyzhenskaya inequality that
1
V@ u-Vu) | < 2(|Veulr:|Veuh+ 2||U\|Lz|u|1 IV? @ ||Lz|v2 ®ulf
S lufilulz + IIUHEzIUM2 Jul |U|§- (4.2.5)

Combining the inequalities (4) and (5), we find that
d, o 2 AL
2 lul2 S —2luls + luliulzluls + |lul|Zalulf [ul3 [ul3 -

Hence, as |u||ulz|u|s < |u|3|ul3 + |ul? by the Cauchy-Schwarz inequality and
1 43
AT (AT R
3 11
by choosing a = |ul3, b = [Jul[7.|u|{ |ul3, p =4 and € = 1 in Young’s inequality which states that
€ 1
< - P e
ab pa + el/(l’*l)qb ,

for all a,b > 0,1 < p < 0o with ¢ =p/(p — 1) and € > 0, we conclude that
Sl S ultlul3lulZe + [uftlul3 = Jul3 (fulllulZe + ul) -

Since we have control on both the L? and the H! norm of u, the proof is completed by gainning global
control over ||u(t)||2, either by comparing the above equation with the ODE v’ = cv for an appropriate
¢ € R and applying the comparision principle, or by using Gronwall’s inequality again. O
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Theorem. The NSE in T? has a global solution if the initial data |g| is small enough.
Proof. The proof is completely analogous to the one found in the question 3 of Annex 3. O

Remark. This doesn’t fully solve the general NSE problem, because it leaves unkown the behavior
of the solutions when the H?-norm of the initial data is big. Unfortunatly, a short investigation of
scaling arguments soon illustrates that they are inefficient to carry this method further into solving
the general problem. In the next chapter, we study a new approach towards solving the NSE.



Chapter 5

Weak Solutions of the Navier-Stokes
Equations

The approach we have taken so far in trying to solve the NSE was primarily concerned with solving
the equations directly. In this chapter however, the heuristic of the regularization method which we
are going to use is quite different. The idea is to consider a family NSE(¢) of problems for which a
global solution can be found more easily. We must define this set of problems so that there is a formal
equivalence between NSE(0) and NSE. We then hope that the solvability of the altered problems will
yield the desired solvability of the NSE through the limit as ¢ — 0. In other words, we will investigate
the convergence of NSE(e) as € — 0, and if a limit exists, we will verify if it solves the original NSE.
The well-known regularization procedures comprise the definition of the Hyperdissipative NSE

Oou = —eA?u + Au — Pdiv (u ®@ u) ,

the Hopf-Galerkin method
Opu = Au — P Pdiv (Pu ® Ppu),

where P, is the Fourier truncation operator, and other Leray’s regularization procedures.

5.1 Leray’s Regularization

Leray’s regularization is the main regularization method that we are going to investigate.

5.1.1 Leray-Navier-Stokes Equations

For a bounded linear operator
J o HS(T") — H*(T™), (5.1.1)
where 6 > 0 is constant and s > 0 is arbitrary, the Leray-Navier-Stokes equations (LNS) are defined
to be
Opu = Au — Pdiv (Ju @ u)
divu =0
Some examples of LNS are given by the following operators.

* J:=(1—eA)~! acting in Fourier space as

Ju(€) = (1+ elg’) 1 a(©).
This defines a LNS family of problems with 6 = 2 in (5.1.1).

43
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* Ju = ¢ * u, which translates in Fourier space as

—

Ju(€) = B()a(€).
Here, LNS can be defined for @ arbitrary in (5.1.1).

* Ju = P,,u defined in Fourier space by

—

where @, = [-m, m]™ and x is the characterisitc function, will be of special interest. Observe
that # may be chosen arbitrarily, and we find

|Poul? = > €T a(¢)? < sup €27 " lePsla)]>.

£€Qm Qm gezn

Thus |Py,|s < C? |uls, and it easily follows that | P, || < C? ||ul|s.

5.1.2 Global Solvability of the LNS

All of the operators found in the examples of section 5.1.1 are Fourier multiplyers. They act on
u € H*(T™) by index wise multiplication of its Fourier coefficients. It is then clear from the introductory
discussion of chapter 4 that for any of the above bounded linear operator J,

o [rnu=0 = [;, Ju=0,and
o div(u) =0 = div(Ju) = 0.

We will thus assume those properties for a fact, along with the inequality ||Julls < Cllu||s, which is
the general analog to the one we had derived when considering J = P,, in section 5.1.1.

n

Under the above assumptions, the LNS problem is well-posed in H*(T") if s > %, because from

the multiplicative properties found in Sobolev spaces, we have
[Tu®@ulls < I Tullsllulls < Jull.

Moreover, the global existence of its solutions can be shown by the same integral arguments that were
used in chapter 4. Indeed, the energy method easily yields the basic energy estimate

1d .
sl = —luf = [ P (e
= - [ dv(usw-u

= —|U‘1’

which as we recall, leads to |Ju(t)||* + 2 j;)t |u(s)|ids = ||g||*. For the higher orders k with k > %, we go
through the energy method again to find

%%Iuli = _\“|i+1—/Tnd®diV(Ju®u):Vk®u
< —lulfir + [Ju @ ulggafuly (5.1.2)
< _‘u|i+1+Cs|Ju|k+1|u‘k+1‘U|k (5.1.3)
< CJulf i lulf, (5.1.4)
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where (5.1.2) and (5.1.4) were derived by using Cauchy-Schwarz and (5.1.3) by the Banach algebra
property of the Sobolev spaces under the hypothesis £ > 5. From this inequality, we have

and choosing k£ = 6 in the definition of J yields

1d

§%|U|i < Clulf|ulf,

which shows that an H*-norm control over the solution « implies its global existence, because control
of its H'-norm is ensured by the basic energy estimate.

Theorem. An H*-norm control a of solution u of the LNS implies the global existence in time of that
solution with respect to the H*-norm.

5.2 Function Spaces Theory of the Weak Solutions

Two questions that one should certainly adress when discussing the existence and properties of the
LNS solutions and whether they converge to solutions to the classical NS problem is are:

1. In which space can we find those solutions?

2. What type of convergence should be investigated, and if convergence is to be found, do the limits
solve the original Navier-Stokes equations?

The aim of this section is to answer the above questions by formalizing the proceedure discussed in
the beginning of chapter 5.

The basics of the function spaces theory of the weak solution will be derived, and its particular
application to the NSE will be realized as an ungoing example. From now on, let (-,-) denote the
duality pairing for the action of a functional and (-,-) x denote the inner product of the space X.
5.2.1 Negative Order Sobolev Spaces

It is natural to formally extend the characterization of the H®-norm, s > 0, in Fourier space given by

lull2 =" (1+ &%) [a(€)1* = l|allZ (5.2.1)

to s € R. For the case where s > 0, no work is needed: we use simply use (5.2.1) and it naturally
corresponds to H®. The negative case leads to an interesting theory.

Definition. For s < 0, we define H*(T") to be the completion of L?(T™) with respect to the norm
|ulls :== ||@]|?: defined in the Fourier space.

If {um}m C L? is a Cauchy sequence with respect to || - ||s, it is a member of the equiva-
lence class of some u € H®; that is, by definition, {tm}m is Cauchy with respect to || - [[,2. That

{((1 + 1£])° @(f))g} is Cauchy is ¢2 implies that there exists a sequence a € ¢2 such that @, — a

in /2. Now, 4 := Fu := a, where .Zu is the Fourier series of u, is well-defined, because if any other

Cauchy sequence {uvy }, is a representative for u, then uy, vy, ug, v, ... being Cauchy will lead to {vy }
converging to a with respect to || - [|pz as k — oo.

Proposition. C*(T") is dense in H*(T™).
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Proof. The fact that the continuous extension of the norm || - || from L? to H* is given by definition
through ||lu||s = [|@|¢z implies that the partial sums

Z 0(€)es® — u

£€Qm

in H® as m — o0o. As these are trigonometric polynomials, the above shows in particular that C°°(T")
is dense in H*(T™). O

Remark. For any s € R, it is clear from viewing £? has the image in Fourier space of Bessel potentials
that H* can be given an Hilbert structure, because J* : £2 — ¢? defined by (J*a) () = (1 + [¢]?) : a(€)
for {a(&)}¢ € 2 is easily seen to be an isometry.

We now want to characterize H®, s < 0, in such a way that we can make sense of u € H® in a more
pratical fashion than through a limiting process. We will show that for s € R, H~* = (H®)* =2 *(H?),
where the last two terms of the equality are respectively the dual and the anti-dual dual of H®. Hence,
instead of understanding u € H* as a limit point of L? functions, we will consider it as an object acting
on the later.

Definition. Let X and Y be complex linear spaces. A map A : X — Y is said to be linear if for any
1,22 € X and VA, u € C,
A(Ax1 + pae) = NA(xr) + pA(xs).

It is called anti-linear if ~
A(Az1 + pae) = NA(x1) + pA(z2).

When Y = C, the space of all bounded linear map A : X — C is called the topological dual of X and
is denoted X*, while the space of all such anti-linear map is called the anti-dual of X and is denoted
*X.

Example. Let u € L? and define, for k = 1,2, 3,4, ji(u) : L? — C by
(@) @) = [ w= (.0
(J2(u)) (v) =

/
(a() (0) = [ av = (o,) = Tar0)
/

(Ja(w)) (v) =

Then j1(u), j3(u) € (L?)* while ja(u), ja(u) € *(L?). We also have that
g1+ L* — (L?)* is linear,
go o L* — *(L?) is linear,
g : L* — (L?)* is anti-linear, and
ja: L* — *(L?) is anti-linear.
In some sense, the best choices in practice are j; and js, as they allow us to work in standard duals.

Lemma. For s € R, H™® can be identified with (H®)*.

Proof. Assume s > 0 and let u € H~*® (the case where s < 0 is similar). Define T': H®* — (H*)* by

(Tu,v) =Y a(€)6(8), ve H.
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T is well-defined, because from the Cauchy-Schwarz inequality,

a@)| (1+162)% |o(e)] <

(Tu,0) < 37 (L4 [€2) 7 (5.2.2)

ie. Tue (H%)*.

We want to show that the functional T is in fact an isometry. From the inequality (5.2.2), ||Tul| gy~ <
[ullgz . It is thus sufficient to show that the supremum in the definition of [|T'u||(gr+)~ is acheived by
some v # 0 to complete the equality. We find the supremum to be acheived at v € H?® such that
8(&) = (&) (1 + |¢/?) ", Indeed, for such a choice of v,

(Tu,v) =Y A+ 1O = llulf = llalz ol

where the last equality on the right hand side holds from

1ol =D (L+16R) [0(©)1* =Y (L+1€l*)" 1a(€) (L +1€P) 7" 1° = llalz.

We now want to prove that T is surjective. Letting f € (H*)*, we will show that Ju € H % such that
Tu = f. By linearity, f acts on v € H® in Fourier space by

fwy=7f (Z @(é‘)eif-x) _ Z (i) Zf ~iEa)

We thus suspect u = Y. f(e7%%)ei® ie. a(¢) = f(e™?), to be the element in H—* we are looking
for, since its action would be, by definition of T', the same as the action of f on any element v € H”.
It is sufficient to show that (f(e’zf'a”))§ € %, to confirm that u is indeed the required element. By

definition, we have, for v #£ 0, v € H?,

F@IlIRlle o L@

19]]e2 w0 [|0]le2

[f(0)l = ollez = £ llars)- 191l

Dividing through by [|0[|;z and rewritting some terms more explicitely yield

| 0€) (14 [€[2)F Fleis=) (1+1¢2)F |
VE RO 1+ ER)

from which, using that a,b > 0, (a +b)2 < a? + bz and (L+1€2) 7" < (1+1€?)" 2 we find that
> FEET) L+ 1EP) < Wl (5.2.3)
As| Y a(&)be| = |3 a(€)be| for be € R, we derive from multlplymg both sides by | 3~ f(e™**) (1 + |§|2)S |
and applying Cauchy-Schwarz inequality in the form (Z az aﬁ) < (Za ) (Za ) that
| > £ FEEE) (L4 1E2) 771 < N ey
Thus |[@|;2 < oo, which shows that u € H™*".

Finally, it is readily seen from the definition that if (Tw)(v) = 0 Yo € H®, then 4 = 0. Hence,
we conclude that T is also injective and the proof is complete. O
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5.2.2 Distributions

In this section, we generalize the notion of strong derivative to more abstract objects called distribu-
tions, which are continuous functionals on a given space of test functions.

Definition. H~>°(T") := J,cp H*(T").
Remark. H*(T™) is defined as in section 5.2.1 when s < 0.

Definition (Continuity of Linear Functionals). A linear map f : C*°(T") — C is said to be
continuous if 3¢ € R,m € N such that [{f, u)| < c[|lul|gm ) Yu € C(T™).

Remark. Recall that (f,u) := f(u) denotes the duality pairing of f and w.

Definition (Distributions). The space of all continuous linear map from C*°(T") to C is denoted

’

2 (T™). An element u € 2'(T") is called a distribution.
Theorem. H>°(T") = 2'(T").

Proof. If f € H—*°, then by the lemma of section 5.2.1, f € (H*)* for some s € R and 3¢ € R such
that |(f,u)| < c|lu|ls Yu € H®. On C® C H?, this inequality leads to |{f,u)| < ca||ul|cs, which shows
that f € (C™)*. Conversly, if f € (C™)*, then by Bernstein’s theorem,

[(fyu)] < allullem < ealulls
for any s > 3 +m, hence f € H™*. O
Definition. For u € &', we define 9“u € 2’ by 5@(5) = (i&)*u(§).

Remark. This is a generalization of the strong derivative. We could alternatively generalized differen-
tiation through the weak derivative and require that 0%u = w € 2’ if and only if

(w,v) 2 = (=) (u, 8*v) 1> Yo € C*.
Indeed, if 0“u satisfy the above definition, then
(0% u,0)2 = (2m)" (i) a()d(E)

= (2m)" ) _(-Dlla) i) o (s)
= (=)', 0%v) 2

for all v € C™. Conversly, if w € 2’ is such that (w,v)z2 = (=1)!*l(u, ) > Yo € C*°, then

1

w(&) = w, Ty =
(©) = Gy )

1
(2m)"

(u, (1€)*e'") = (i€)~a(€).

Lemma. If s > %, then L'(T™) — H~*(T").

Proof. Suppose f € L'(T") and define (T f,u) := an fu. By Bernstein’s theorem,
KT f, )] < Nullzoecomy 1f 1Lr oy < WFNrermllull 2,

hence Tu € (H®)*. Now, T : L' — (H*®)* is linear by definition and easily seen to be injective,
because if fT,L fu=0VYu € C*®, then f = 0 almost everywhere by the du Bois-Reymond lemma, i.e.
f=0in L. O
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5.2.3 Pettis Theorem

Let X be a Hilbert space and I C R be an open, possibly unbounded, interval. We will denote by
C.(I,X) the space of all compactly supported X-valued continuous functions on I.

Definition (LP(I, X)-norm). For 1 < p < oo, we define the norm || - || z»(7,x) on Cc(I, X) by

lull e (r.x) = Illlw@) x| e r)-

P
- ( / u<t>||§dt)

when 1 < p <1, and [Jul|pr(r,x) =inf {A > 0:[{t € I :[Ju(t)][x > A} | =0} when p = oo.

Remark. More explicitly,

Tentatively, we will define the space LP(I, X) as the completion of C.(I,X) with respect to the
LP(I, X)-norm. This definition is temporary. More rigorous grounds for LP(I, X) will be established
in the next section with the aid of strong measurability (yet to be defined). The current definition will
appear as a consequence of this upcoming formalization.

Lemma. Let {ur} € C.(I,X) be a Cauchy sequence with respect to || - |[pr(r xy. There exists a
subsequence {uy, } and a function u: I — X such that ux, — u as n — oo almost everywhere in I.
Moreover, we have both that

[ = sl — 0
I
as k — oo for the full sequence and that[, |lu(t)|/% dt < oco.

Proof. Since {uy} is Cauchy, we can choose a subsequence {ug, }, such that ||uy —ug, ||zr,x) < 27"
Vk > k,. For this subsequence,

oo oo
s o (r.x) + D s = ik, Lo@x) < Ml llzex) + > 27" = lluk, [l2or.x) + 1 < oo

n=1 n=1

Hence, for gi(t) := ||ug, (t)||x + Zi:l lluk, ., (t) — ug, (t)||x, it follows from Minkowski’s inequality
that

gk @)l Lo 1y < [k, ()|l Lo (1) +1 < o0
We conclude that {gx} is a bounded increasing sequence, and from the Monotone convergence theorem,
this implies 3g € LP(I) such that g, — ¢ almost everywhere in I with respect to LP(I,X), i.e. 3 a
set J C I with |I\J| = 0 such that gi(t) — g(¢) ¥t € J in LP(I, X).

Now observe that uy, (t) + 22:1 (wp,y (t) — uk, (t)) = ug,,, (t) is Cauchy in X, because
it (8) = 0, ()13 < D ety (8) =, ()]
j=n

and the left hand side converges to 0 as n — oco. So uy — wu(t) for ¢ € J. Finally, since

|k, ()% < |g(t)|? for t € J, we have
[lutigar < [lgtopa
< [ Jim lonte)ea
k—oo
lim / i (1) Pt
k—oco

k
lim <||Uk1 e + > Mk, (8) = us, (t)||LP> <M,

n=1

n+1

IN

IN
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which concludes the proof. O

Remark. In general, the above argument holds for any sequence {uy } such that [[u] Lo (7, x)+> pey [[tir41—
ugllLr(r,x) < 00. Moreover, if {uz} C C(I,X) with up — u ae. on I and z* € X*, then
fe) = (up(t),z*) and f(t) = (u(t),z*) satisty fr € C(I,R), where fr, — f a.e. in I with f
measurable. Indeed, the f’s are measurable by continuity and the pointwise limit of measurable
functions is measurable.

Definition (Weak Measurability). A function v : I — X is called weakly measurable (WM) if
the map t — (u(t), z*) is measurable for each x* € X*.

Remark. While (-,-) denotes the duality pairing, we could require ¢t — (u(t),x)x to be measurable,
because since X is an Hilbert space, it is its own dual by the Riesz representation theorem.

Definition (Simple Functions). A function s : I — X is called simple if it is of the form s =
> h_i akXa,, where ai € X and Ay, C I is measurable for k = 1,2...,n.

Remark. In the above definition, x g is the characteristic function on the set B.

Definition (Strong Measurability). A function v : I — X is called strongly measurable (SM) if
3 a sequence {ux} of simple functions such that ur — u pointwise almost everywhere on I.

Remark. We will notice in the following that the simple functions u; could be replaced by functions
in C.(I, X) in the above definition.

Theorem (Pettis Theorem). If X is separable, then strong measurability is equivalent to weak
measurability.

Proof. Suppose that u is strongly measurable, i.e. that 3 a sequence of simple functions {uy} such
that up — u pointwise a.e. on I. Then, for * € X*, fi(t) = (ug(t),z*) and f(t) = (u(t),z*) are
such that fp — f a.e. t € I. Since the f; are simple scalar valued functions, f is measurable. This
shows that u is weakly measurable.

Conversly, suppose that u is weakly measurable. Let {zy} be a dense sequence in X and define,
for x € X, sp(x) = xk, where ||z — zx||x = mini<j<, ||z — z;||x with & minimal amongst the z;’s
satisfying the latter equality. From the densitiy of {z;} in X, it is obvious that s, (z) — = as n — co.
Hence, we may further define uy(t) = sy (u(t)) for ¢ € I, which has finitely many values and converges
to u(t) as k — oco. If we define the measurable sets

An,k = {t el: ’U,k(t) = {En},

for n < k, then writting ux(t) = >0 _; Zmxa, , shows that {u;} is a sequence of simple functions

converging to u pointwise almost everywhere in 1. O

Corollary. If X is separable, almost everywhere limit of strongly measurable functions are strongly
measurable.

Proof. Suppose up —> u a.e. with u; SM. Let z* € X*. We have fr(t) = (ug(t), 2*) is measurable
by Pettis Theorem and f — f a.e. with f(¢) = (u(t), 2*) measurable, because the pointwise limit of
measurable functions is measurable. Thus u is WM and from Pettis Theorem again, u is SM. O

Corollary. Let u: I — X be SM and let Y be a Hilbert space. If ¢ : X — Y is continuous, then
pou:l —Y is SM.

Proof. There exists simple functions uy — w a.e. on I. By continuity, this implies that ¢gour — ¢pou
a.e. on I. Since ¢ o uy, is simple for all k, ¢ o u is SM. O

Remark. If w : I — X is Borel measurable, i.e. w=1(0) = {t € I : u(t) € O} C I is measurable for

any open set O C X, then f(t) = (u(t),z*) = z*(u(t)) = (x* o u) (t) is measurable for any z* € X*.
It follows that v is WM, and thus SM. The converse is also true.
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5.2.4 The Bochner Integral
The hypothesis of section 5.2.3 are carried in this section.

Definition. For a simple function s = >"}_; arxa,, we define

/8 = Zak\Ak\ e X.
I

k=1
Remark. This integral does not depend of the particular representation of s.

Definition. A function u : I — X is called Bochner integrable (B-integrable) if 3 a sequence {uy}
of simple functions such that uj — u pointwise a.e. on I with [, [lux(t) — u(t)||xdt — 0 as k — oo.
For such a function u, we define
/ uw= lim [ ug.
I k—o0

Lemma. The following statements are immediate.

1. A Bochner integrable function is SM.

it. The function f(t) = ||ur(t) — u(t)||x is measurable (by the last corollary of section 5.2.8).

iii. The Bochner integral is well-defined (|| [wn — [umllx < [ |tn — uml/x)-

iv. The integral does not depend on the sequence {ur} (|| [ur— [vn|lx < [|lur—ulx + [ |lu—vnlx)

Remark. We have mentionned that the ug’s could be replaced by C..(I, X)-functions in the definition of
SM. If we do so in the definition of the Bochner integral, the latter appears as the continuous extension
of the Riemann integral from C,(I, X) to L' (I, X)-functions.

Theorem (Properties of the Bochner Integral). The following holds.
(a) [(u+0) fu+fv
D) 1 [ ulx < [llu()]xat
( YIfA: X — Y is a bounded linear map and u : I — X 1is B-integrable, then Au is B-integrable
and [Au=A [u.
(d) In particular, if z* € X*, then [{(u,z*) = ([ u,z*)

Proof. The proof of (a) is obvious. In order to prove (b), let ¢ > 0 and observe that 3N € N s.t. if

n > N, then
I [uls <1 [= [ unllx+ 1 [ unllx
ge—i—/Hun—zﬁ-U\lx
et [lhun—ulx+ [ ulx
§26+/||u||x.

In (c), the continuity of A implies that Au, — Au a.e. in I. Hence, since [u, is a sum, A4 [u, =
[ Auy,, and we derive

||/Au—A/u||X§||/Au—/Aun+A/un—A/uHX
< [ = Aulx + AN [~ [ ulx (5:2:4)

< e(1+[|A]),
where (b) was used in (5.2.4). O
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5.2.5 Bochner-Lebesgue Spaces

In this section, X will always be understood as an Hilbert space, and I C R as an open interval. These
two objects will help us establish the theoretical grounds on which formalism will meet the intuition
behind the tentative definition of the Bochner-Lebesgue space LP (I, X) stated in the previous section.

Observe that if u = 0 a.e., then |jul[z»7 x) = 0 and if |lu|zr(;,x) = 0, then u = 0 a.e.Hence, it
is natural to define the following equivalence relation. For u and v with finite L? (I, X )-norm, we will
write u ~ v if u = v a.e., i.e. u ~ v if and only if [|u — v||z» (7, x) = 0.

Definition. We define LP(I,X) = {u: I — X SM : [Ju|[r(1,x) < 00} / ~.

Theorem Lr(I, X) is a Banach space. In particular, L*(I, X) is a Hilbert space with inner product
<U U L2 1,X) f[ dt

The following theorem shows that the tentative definition of LP(I, X) that we have stated in section
5.2.3 was justified.

Theorem. The following theorem is stated in parts.

(a) A function u: I —s X is B-integrable if and only if [u] € L (I, X).
(b) Simple functions are dense in LP(I,X) for 1 <p < co.

(¢) Ce(I,X) is dense in LP(I,X) for 1 <p < 0.

Proof. In order to prove (b), we observe that for v € LP(I, X), we can find simple function {v,} such
that v,, — u pointwise a.e. If we define

Un(t) = {“n(t) if Jlon ()| x < 2u(t)l|x

)

0 otherwise
then w, are simple funtions such that w, — w a.e. Moreover, ||un|lrrrx) < 2[|ullzer,x), i-e
un, € LP(I,X). Hence, since ||u(t) — up,(t)||Lr — 0 pointwise for a.e. t and that ||u(t) — un ()| e <

Cpllu(t)||%, part (b) now follows from the Lebesgue dominated convergence theorem.

We will now prove (a). Let u be B-integrable. Then

[l < [ 1a=uwallx + [ fualx < o

where {u,} is a sequence as in the definition of Bochner integrability. It is thus readily seen that
u e L'(I1,X). Conversly, if u € L'(I, X), then [Ju — up||1(r,x) by (b).

Now approximate u € LP(I, X) by simple functions. Choose those simple functions to be compactly
supported. Proving that we can approximate y 4 by continuous functions for any A of bounded measure
will complete the proof of (¢). To do so, we define the continuous function ¢ : I — R by
o(x) dist (z, R\Q)
€Tr) =
dist (z, R\Q) + dist (z, K)’

where K C A C Q were found such that [Q\K| < e. O

Corollary. LP(I,X) is the completion of C.(I, X) with respect to || - || r(1,x)-

Theorem. If 1 < p,q < oo are such that % + % =1, then u € LY I, X) induces a bounded linear
functional Tu € LP(I, X)* by

(Tu,v) = /I<u(t),v(t)>xdt. (5.2.5)

Moreover, we have ||Tul| e (1 x) = |[ullpa(r,x)-
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Proof. We first want to show that ||Tul|rr(s,x)« < ||ullza(z,x). In order to do so, we use Cauchy-
Schwarz inequality to derive that

(T, |f|/ th\</\ X|dt</||u i llo®) 1 xd.

Let v € LP(I, X) be arbitrary. If p = 1, then v € L*°(I, X) and
[(Tu,v)| < Stlelllﬁ|||u(f)||x\ /1 lo(@)lxdt = l[ull L 1,x) vl L1 (2,%)-

We similarly find that [(Tw,v)| < [|ullz1(7,x)[|v] £ (1,x) in the case where p = oo. If 1 < p < oo, then
we may also find a similar inequality using Holder’s inequality:

(Tu, v)| < [JullLer,x) vl oz, x)-

Dividing through the three above inequalities by [|v||1»(s,x) and taking the supremum over the elements
v e LP(I,X), v #0, yields the more general inequality

T
HTUHLP(I,X)*: sup M

< lullpa(r,x), (5.2.6)
veLr(I,X) HU”LP(I,X)
v#0

which holds for 1 < p,q < co. This proves the claim. Hence, since the inner product (-,-)x on X is
linear in its second argument and that v € LI(I, X) implies ||u||z(;,x) < 00, (5.2.1) indeed defines a
bounded linear functional.

We will conclude the proof by showing that in fact, || Tw||rs(7,x) = ||ullza(s,x); in other words,
that ||ul[pa(s,x) is the supremum of [(T'w,v)|/||ullze(r<x) in (5.2.2) when taken over v € LP(I, X). We
proceed by letting u,,, n = 1,2, 3, ... be a sequence of simple functions converging to w in L(I, X). This
is possible, because simple functions are dense in L?(I, X) for any 1 < ¢ < co. The elements of this
sequence are of the form u, = Z?;‘l n k() - XA, ,,» Where w.l.o.g., the A, i can be assumed disjoint,
and where y g is the usual characterisitc evaluating to the identity over B C R and vanishing elsewhere.

We will prove the case where 1 < ¢ < 0o, we can thus define, Vn € N, an associate v, = Y, @ () ||an,x(t) |92

XA, > and observe that

() = [ (w00 (0)

/ S lans(t) - xa,, %t

Ip=1

[ ol
1

Since pg — p = pq(1 — %) = ¢ and % =q(l— %) = q — 1 by hypothesis, this definition also implies that

Mp
-2
Jloadr = [ 13 ens@lans I8 x5t
1 I
] 572 e et

[l
1
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a
or equivalently, that [|on||Le(r,x) = llunllfa; x) = lunl|%5%- We then find that the heart of the
argument now lies in the following inequality:

(Tu,v,) = / (ult) — un(t), v (8)) et + / (1 (), 0 () xcdt

I I

= (mvn) + / (ult) — n (), v () x

Jun o5 + / (ult) — un (1), 0 (1)) x

[unlzax [[on e x + /I<U(t) — un(t), vn(t)) x

[unllLox l[onllex = llu = unllLa,x)l[on e x)

(AVANLY,

([ull Lo r,x) = 2llw = wnllLacr,x)) NvnllLe(r,x)s
because upon dividing both sides by ||v,[|1r (1 x), taking n — oo shows that for any € > 0 given, one

can find an element v € LP(I,X) s.t. (||[Tul zo(r,x)+) — € < Tul

- HUHLP(I‘X)

< lullpacr, x)- O

Corollary. If X is separable, 1 <p < oo and T : LI(I,X) — LP(I,X)* acts on LP(I, X) as defined
as in the previous theorem, then T is invertible.

Lemma. If X is separable and 1 < p < oo, then LP(I, X) is separable.

5.2.6 Banach—Alaoglu Theorem
From now on, we will adopt the notation L} X := LP((0,7), X) and similarly for H*.

Definition (Strong Convergence in X*). If {zX} € X* is a sequence such that

sup z,(z) — 0
llzllx <1

as n — oo in X*, then we say that x, converges strongly in X*.

Remark. This definition is applicable to the whole space X*, since from the linearity of x,

sup z;(Rx)=R|[| sup z)(r)] —0
llzllx <1 llzllx <1

as n — oo for any scalar R > 0. Moreover, recall that [ul|x~ = sup,<; w(z) is a norm under which
X* is a Banach space. We called its induced topology the strong dual topology.

Definition (Weak * Convergence). The pointwise convergence of a sequence {z}} C X*, i.e.
xf(x) — 0 for each z € X, is called weak * convergence (or weak dual convergence) and it induces a

topology called the weak dual topology. We write ), * — 0.

Example. Let z = (21, ..., Ty, ...) € £, and define f,, € (£?)* by f.(x) = z,. On the one hand, since
x, — 0 as n — oo, then f,(z) — 0 as n — oo pointwise, so shows f,* — 0. On the other hand,

1 fnllce2)~-

Theorem (Banach-Alaoglu Theorem, Sequential Version). Let X be a separable normed space
and suppose {u’} C X* is bounded. Then {u’} has a converging subsequence in the weak dual topology.
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Proof. Since X is separable, we can find a sequence z = {z,} such that every finite subset of its
elements is linearly independent, i.e.

span {z1} 2 span{z1,z2} 2 span{z1,z2, 23} ...,

and such that span{z} is dense in X. Moreover, we can extract subsequences {uf, } D {u},} D ... such
that

(uig, T1) —
(ud, T2) —> Qg

(udp, x3) — as

and consider the diagonal sequence (u},,xr) — ap as n — oo, where convergence holds for any
k € N. Now, we define the functional @* : span{z} — C by

(u*,y) = Zakak
for any y = " apxy € span{z}. We have
(u,y) = Zakak
= Zam’:m,m - Z (ak (Upy, k) — agay)
= <u2my>+2ak(<u2mmk> —ak),

hence (@*,y) — (u?,,,y) as n — oo and we have found @* € (span{z})" such that a subsequence of
u) converges in @* on span{z}. By showing that @* extends to u* € X* with u,, — u* weakly, we
will complete the proof.

Notive that given € > 0 and any y € span{xz}, there must always exists n > N such that by the
reverse triangle inequality, we have

@™, y) | = [uqm, I < K@, y) — (upn, )| < e
We deduce that there exists a scalar M such that
(@*, y)| < [(upy, 9)| +€ < Mllyllx +e, (5.2.7)

This is a key fact, because since span{xz} is dense in X, we can find, for any w € X, wy, € span{x1, ..., 2y}
with wy — w in X, and thus a well-defined unique extension u* € X* of 4* by letting (u*,w) :=
limy 00 (0%, wi). Indeed, (5.2.7) shows that |(u*,w)| < M|lw|x < oo too and that if wj, is any other
sequence in span{z} such that wj;, — w as k — oo, then
lim |(u*,w)| = lim |(@*,w, — wy) + (@, wy)|
k—o0 k—o0

AN

lim |[(@*,wp —wp)| + lim |(@*,w))]|
k—o0 k—o0

IN

lim Mljw, — wy||x + lim [(@*,w))|
k— o0 k—r o0

= lim |(@*,w})]|
k—oc0

Finally, from a similar derivation,

- u:rrw“) + <u2n’w>

= (U = U, w = wp) + (U7 = g, k) + (U, w)

(' w) = (u
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and substracting the farmost right term of the right and side on both sides of the above equation leads
to

(" = 0 — ) + (" — 0

[(u” = U, W)

< [uhw —wi) + Kup, w —wi)| + (@7 — ugy,, wi)|
< 2M|jwk — wlix + K@ =ty wi)|-
The proof is completed by choosing n and k large enough. O

Corollary. The closed unit ball in X* of a separable normed space X is weakly sequentially compact.

Lemma. Let X be a normed space. If {yi} C X* is a sequence converging weakly to y* € X*, then
ly"[[x+ < liminf [|yz]|x-.

Proof. On the one hand, the supremum definition [|y*[|x~ = supj,,=1(y", ) implies that for any
€ >0, dz. € X with ||z||x = 1 such that

[y [l x- — € < (¥, ). (5.2.8)

On the other hand, there exists by hypothesis K € N such that for k > K,
(V" me) = (Y, Te) < €. (5.2.9)
Combining (5.2.8) and (5.2.9), we obtain
ly*llx- < (y" 2e) + € < (yp, we) + 2¢.

Since € > 0 is arbitrary and y; is continuous, we conclude that ||y*||x~ < (y§,limeoze) < [|y5|lx=,
from which conclusion follows. O

Lemma. Let X be a Hilbert space. If yr converges weakly to y* in X* and that ||y} ||x+ — ||y*||x=
as scalars, then y, — y in X*.

Proof. By the Riesz representation theorem, X may be identified with X*, and so assume y,, and y
are elements of X representing y* and y* respectively. It is immediatly seen that weak * convergence
becomes equivalent to convergence in X*, because then the duality pairing becomes the inner product

<yn _yaw>X —0

as n — oo for all x € X, which implies that lim,_, . y» =y, equivalently that y* — y* as n — oo in
X*. O

Remark. We now want to consider weak convergence of a sequence 1, — 0 in X**, i.e. ¥, (u) — 0
as n — oo for all u € X*. Define j : X — X** by j(z)(u) = u(z) for all w € X*. The function
j inherites is linear, because it inherites the linearity of the elements in X*. It is also immediatly
continuous, and easily found to be injective. Indeed, if j(z) = 0, then u(xz) = 0 for all v € X*, and
thus = = 0, i.e. j is injective.

It follows from the Hahn-Banach theorem that j is an isometry, and thus that the weak * topol-
ogy of X™** induces a subspace topology in X C X**. We call the later the weak topology of X. More
precisely, in this topology, x,, — 0 weakly, or z, — x in X, if and only if u(z,) — 0 Yu € X*,
or in other words, if and only if j(x,) — 0 weakly in X**. To use a notation which enlighten the
symmetry between these spaces, we can rewrite this last condition as (u,x,) — 0 Yu € X*. Note
that if z,, — « and z,, — y, then z = y.



CHAPTER 5. WEAK SOLUTIONS OF THE NAVIER-STOKES EQUATIONS 57

For X a reflexive and separable Banach space, i.e. j : X — X™* is not only an injective isome-
try, but an isometric isomorphism. Then if a sequence {z,,} C X is bounded, {j(z,)} is bounded in
X**. Passing to a subsequence, j(x,) converges weakly in X** to some j(x), and thus by surjectivity,
it holds that x,, — x in X.

In the case of an Hilbert space H. The function j : H — H* defined by j(z)(y) = (z,y) is al-
ready an isomorphism. Hence z, — 0 in H if and only if (z,,y) Yy € H, ie. if and only if
u(zy) — 0 Yu € H*.

Example. We need to establish a key basic result about the convergence of the solutions of the
following LNS which we will use in the example of section 5.2.7. Let u,, € C* ([0, 00), H*(T™)) satisfy

Opttyn, = Dty — P(Prtiy, @ Uyy,)
with 4,,(0) = 0 and u,,(0) = g. Further assume a priori the energy identity
[um ()72 + luml|Zs g1 = llgllZ2

Under these hypotheses, wu,, is bounded in LZH' and in L¥L? = (LLL?)" for each T € (0,00).
Hence, u,, converge to some u in L%H' and by the Banach-Alaoglu theorem, we can also pass to a
subsequence u,,, converging weakly to some v in L3 L% The question that arises naturally is: does
v =u? It turns out it does, i.e. one can show v =u € L¥L?> N L2 H'.

5.2.7 Bochner-Sobolev Spaces
Let X be an Hilbert space and I C R an interval.

Definition (Spaces GE(I,X) and I}E(I,X)). For u € CY(I,X), let

a2 7y = / lu®)[% + o ()|t

and

CY(I,X) ={ueCYLX): |ulmux) <oo}.
Further define FAI/l(I, X) to be the completion of CN'l(I, X)) with respect to || - || g1 (7,x)-

Remark. 1f {ux} € C' is a Cauchy sequence in H', then {u;} and {u}} are Cauchy in L?. Hence,
we have an injection j = (jo,j1) : H' — L? x L? defined by jo{ur} = limj oo up and ji{ug} =
limy o0 uj, in L?. Tt is easy to see that it is well-defined, because if limy_s o0 v; = limg_s00 Ug, then
Uy, V1, Uz, Vo, ... is Cauchy, and {uy} ~ {vi}, i.e. they belong to the same equivalence class of Cauchy
sequences, which shows that they are the same element in the defined space.

Definition (Strong Derivative of a Locally Integrable L?(I, X )-Function). Foru,v € L? (I,X),

loc
we say that v/ = v in the strong L2-sense if VK CC I, 3{¢,} € C1(K, X) such that ¢, — u and
¢ — v in L*(K, X).

Lemma. If they exist, the strong derivatives defined in the above definition are unique. Moreover, if
u e L? (I,X) is strongly differentiable, we have the integration by parts formula

loc

Jtone == [wonx voeciux)
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Proof. Suppose that we have both v/ = v and u’ = w in the strong L2-sense and let ¢ € C}(I, X). By
definition, 3{¢y} C C1(I,X) such that ¢, — u and ¢}, — v in L*(I, X). Now,

[woix= [w-vio+ [wio

= [w-viuo - [tona) (5.2.10)

= [w-vtor+ [~ [we)

where (5.2.10) follows from the classical integration by parts, and using the Cauchy-Schwarz inequality
twice, this implies that

|/%@+/@¢NS/WwwMMWh+/thNMdh

< v — 1/);c||L2(I,X)||¢”L2(I,X) +flu— 1/)k||L2(I,X)||¢'||L2(I,X)~

Hence, we conclude [(v,¢) = — [(u,¢'). This proves the stated integration by parts formula. Now,
the above proof implies similarly that [(w,¢) = — [(u, ), and so we must have [(v —w,¢) = 0.
Since this holds V¢ € C(I, X), it follows from du Bois-Reymond lemma that v = w. O

Corollary. The map jo : H*(I,X) — L?*(I,X) defined in the last remark by jo{uxr} = limy_ o0 ug
in L? is a continuous linear projection.

Remark. A priori, it seem that there could exist {ux}, {vrx} € C1(I, X) such that ur, — u, vy — u
with u}, — v/ and v}, — ¢/ in L?. By the last lemma, this cannot be the case and we must have
u’ = v'. Morevover, we see that the range of jo is a subset of {u € L?(I,X) : v/ € L*(I, X)}. Finally,
remark that j; is not injective, because v and v + 1 have the same derivative.

Lemma. H:-X < C([0,T],X) and for 0 < s <t <T,
¢
u(t) —u(s) = / o' (T)dr.

Proof. Let u € 6’v1((O,T),X)7 0 < s <t <T. By the Fundamental theorem of calculus and the
Cauchy-Schwarz inequality,

t t
M@—Mﬂhﬁﬂ/u%wwxé/HWﬂhméﬂ—ﬂﬂwﬂhw,

and thus v is uniformly continuous on (0,7") and can be extended to a function v € C ([0,77], X ). The
above argument also shows that in fact,

1
lu()llx < llu(s)llx + T2 [l (7)ll 2. x

for all s,t € [0,T]. Taking powers on both sides of the above equation further yields

()%

IN

1
lu(s)I5 + T2 [Juls)llx e/ ()22 x + Tllu'(1)]72 x

2llu(s)|% + 27w (7)lI72 x»

A

and since this holds for all s,t € [0,T], we may use the continuity of u on compact [0,7] to find
s € [0,T] such that ||u(s)||x is minimal. From this choice, it is now clear that multiplying both sides
by T leads to

lulliee x < Crllullz x-
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This shows that if uy is Cauchy in H!(I, X), then it is Cauchy with respect to the L>-norm, and thus
ur — v € C([0,T],X). Since by completion ux — u in L2.X, we have u = v a.e. on [0,7] and this
completes the proof. O

Remark. The above lemma establishes the adequate formulation of the Fundamental theorem of cal-
culus in this setting.

Example. In the previous example, we had u,, € C ([0, 00], H®) satisfying
Optyn, = Dty — P (P, @ up,)) (5.2.11)

with u,,(0) = g and

T
lglZe = lum (DIIL> + 2z g1 = llum (D)2 +/ [Vt (7) [z,
0

were the last equality on the left hand side holds because we assumed u,,(0) = 0. We had found
Up, — win LZH' and w,,x — u in L L.

Now, observe that we can conclude that {Au,,} bounded in L2 H ! and moreover, from the inequality
[Prtm ® tuml|pr < || Prtml|p2 |uml| 2 < ||um||2L2,

that {Pptm @ up} is bounded in LFL', hence in L H~* for s > %, because L'(T™) — H~*(T")
by the first lemma in section 5.2.2. This further implies that {Pdiv (Ppum ® ty,)} is bounded in
L2H~*71 and so finally, form (5.2.11), that {G;u,,} is bounded in LZH 57! for 0 < T' < oco. This
is a fact of great importance, because to passing to a subsequence, we have u,, — u in HLH 571
which shows that uw € HLH~*"!  and thus by the last lemma, u is a.e. equal to a C ([O,T],H’Sil)
function, which can be evaluated at 0.

So we have u(0) € H=*"1. For ¢p € C°°(T"), it follows from the results of section 5.2.6 that
f e (HLH=*1)" defined by f(v) = (v(0),%) > for v € HLH "1, will be such that f(um,) — f(u)
as n — oo in this case. Since by hypothesis u,,(0) = g for all m € N, we have

(9,0) = lim_{un(0),0) = (u(0), ),

ie. (g —u(0),¥) = 0. As ) was arbitrary, we conclude from du Bois-Reymond lemma that «(0) = g.
This means that after solving these LNS equations with initial value g, the inital value is preserved in
the limit function u with which we hope to solve NSE.

5.2.8 Weak Solutions of the NSE

Example. We have seen in the previous example in section 5.2.7 that it is possible to transfer informa-
tion from the solutions u,, to their limit u. An explicit and enlightnening example of this phenomenon
is given by the heat equation. Suppose that the w,,’s satisfy both d;u.,,, = Au,, and the previous con-
vergence. Integrating by parts, we see that (Opti,, )2 = —(um, 0:d) 12 and (Auy,, &) 2 = (U, AP) 2.
It follows that V¢ € CL ((0,T), H?),

T
oz/)wma¢+A@m.
0
Now, observe that
T
F) = / (0,000 + AP) 2
0

defines a linear function F € (LQTLQ)*. Hence, 0 = limy, 00 F(um) = F(u) = fOT(u, Ord + A@) 12 for
all ¢ € C} ((0, T),H 2), which shows that this particular property also holds for the limit u.



CHAPTER 5. WEAK SOLUTIONS OF THE NAVIER-STOKES EQUATIONS 60

Definition. A function u € L? ((O, T), L2) is called a weak solution to the NSE problem if

loc

T
/(; ((u, 0ep + D) — (u®@u, VOu)) =0

for all ¢ € C} ((0,T),C?) such that divg = 0 and

T
JROCR
0
for all ¢ € C? ((0,T),C"). Moreover, if
ullserz + ||VU||igFL2 <llgllzz,

then we call u a Leray-Hopf weak solution.

The idea is now that we want to obtain a minimal regularity from a natural weak convergence
argument. Furthermore, we want the solutions to be locally integrable functions, in opposition to
distributions. If a solution u was to be smooth, then we could solve NSE classically.

Remark. In the following theorem, we require Rellich’s theorem proved in Annex 4.

Theorem. If g is a divergence free smooth vector field, then there exists a Leray-Hopf weak solution
u € L*((0,00), H') N L*> ((0,00), L?) to the NSE satisfying u € C([0,00), H™*) and u(0) = g for
s>5+1

Proof. From
T
/ (tm, 01 + AP) — (Pt @, V ® ¢) = 0 Vg € CLC?,
0
we find that

T

T T
/ (u, 0 + Ad) — (u®u, V) = / (U — U, Ord + V) —/ (U @ U — Pty @ U, Vo) Yo € CLC2.
0 0

0

A B

Since A,, — 0 as n — oo, we conclude that {u,,} is bounded in LZH' N H-H~*. By Rellich’s
theorem, LZH' N HLH % < LZ L% We may thus, by passing to a subsequence, conclude to a strong
convergence of u,, — u in L%.L?.

Now,

URQU— Py Qupy, =u®@u—Pru®@u++Pru®u— Ppuy @ Uy,
=(u—Pru) @u—+ Pp (U — ) @u+ Priym @ (U — tp),

and thus by the Cauchy-Schwarz inequality,

l4®t = Pt ® 12 < llu = Pl g2 llull 2 + [P (= ) [l 22 a2 + | Pt 22l = a2

< lu = Poull2llullzz + llu = wml| L2 ||ull L2 + lum|| 2 [lu — w2

Dm

This imples, using the Cauchy-Schwarz inequality again, that

|Bim| < /Dm < lu— Pmu||L2TL2||UHL2TL2 + flu— um||L2TL2||u||L2TL2 + HumHLQTL2||u - umHL2TL2~
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Since we had found {u,,} bounded and strongly converging in L2 L2
flu— Um||L§L2 ||U||L§L2 S llu— Um||L2TL2 —0

and
HUMHL2 L2||u “mHL2 L2 5 Hu um||L2 L2 >0
T T T

as m — oo. Finally, ||u(t) — Pru(t)||rz — 0 a.e. in (0,7), thus since ||u — Ppullr2 < 2||lul/rz2, the
Lebesgue dominated convergence theorem yields that [[u — Prullpz 2 — 0 as m — oc. O

Remark. We have thus found global solutions to the NSE. However, it is not known if the solutions
are smooth.



Appendix A

Assignment 1

Question 1

Prove the following.

(a) If a € £2(T™), then there exists g € L?(T™) such that

g= lim E axek,
m—0o0
keEQm

with convergence in L?(T"), where Q,,, = {—m, ..., m}" and ey (z) = ¢*? for k € Z".

(b) Conversly, if g € L*(T™) and

g(k) = ﬁ /Tn g(z)etdy = (271r)" (9,ex), keZ™,

then we have § € £2 and (1) holds with as = g(k).

Solution.

(a) For fm(z) = > 4cq,, arer(x), we have

(A.0.1)

fmllZe = (D aren, D ajed= Y an | D @lewes) | = @m)" D |awl* = (2m)"[lallez,

kEQm JEQm kEQm JEQm k€EQm

because from Fubini’s theorem,
< . _ ik-x —ij-x
ek, ej) = e e dx

/eiklxle_ijlxl/e’”“e‘ih“.../ek"'”"e_ij”x"dxn...dxl
T T T

= (Zﬂ)n5k1j1 "'5k'n,j'n,
= (27T)n(5kj.

Thus, if w.l.o.g. we assume n < m, then since a € ¢2, it follows from

= FallZe = @o)" Y0 e <@ Y Jal? — 0

m,n— 00
kEQm\Qn kEZM\Qn

62



APPENDIX A. ASSIGNMENT 1 63

that f,, is Cauchy in L?(T"), and thus that 3g € L*(T") s.t. f,, — g in L?(T") as m — oco.

(b) We first assume that g, =)o, arer — g in L?(T™) as m — oo. We must have
(9= gm,ex) — 0
as m — 0o, but since
(9 = gm>ex) = (g, ex) — (gm, ex) = (g, ex) — (2m)"ax
does not depend on m, then it follows that a; = ﬁ(g, er) for all k € Q.
In order to prove convergence, i.e. that § € ¢?, we observe that (g — g, ex) = 0 also implies that
9= gm L Xy =span{ey : k € Qum},

so the pythagorian identity holds and ||g — gm||2 = infsex,, ||g — f||. Hence, if € > 0 is given, we use
the density of C(T) in L?(T) to find hy € C(T) s.t. ||h1 — g|| < € and the density of U,enX, in C(T™)
with respect to the L> norm to find he € ¥, for some n large enough s.t. |h1 — hal|eo < €, and we
have

lg — gnll = fgg lg = FIl < llg = hall < llg = Pall + 1h1 = ha|| < €+ V2|1 — hallee < (14 V2)e.

Question 2
Consider the hyperdissipative heat equation
u'(t) = —|D|%u(t), fort>0, (A.0.2)

where 6 > 0 and the operator |D|?u(t) is given in Fourier space by |5|9\f(k) = |k|? f(k). Note that
0 = 2 corresponds the the standard hear equation. Let

u(t) = e PPy = 3" e Mg (k)er, ¢ >0, (A.0.3)
kezm

where g € L?(T"). Prove the following.

(a) Let u,v € C([0,T),L?(T™)) with T > 0 be two functions satisfying (1) as an equality in L?(T")
for all 0 <t < T, and let u(0) = v(0). Then u =wv on [0,T).

(b) For any s > 0 and t > 0, the propagator e—tDI” L?(T") — H*(T™) is bounded, with

6
eV gls < Coot™l|gllz2, g € LP(T"),

where C' is a constant depending only on s and 6.
(¢) The function w : (0,00) — H*(T™) given in (2) satisfies u € C* ((0,00), H*(T™)) for any s > 0.

(d) If g € H°(T™) for some o > 0, then u(t) — ¢ in H7(T™) as t \, 0. Moreover, u satisfies
equation (1) as an equality in H*(T™) for t > 0 and s > 0.

(e) The quantity u(t)(z), considered as a function of (z,¢) € T" x (0, 00), is smooth.
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Solution.

(a) This is shown by the fact that ||u(0) — v(0)|| = 0 and

= 2 {ult) —u(t), ) — (1)

= ((w=v)(®), (= 0)(O) + {(u = v)(8), (=)' (1)
= 2Re ({(u—v)'(t), (u—v)(1)))

= 2Re ((=|DI"(u—0)(1), (u—v)())

= —2Re (D% (u = v)(t), D% (u — v)(1)))

= —2Re||— |D|*(u—v)(®)|2<0 fort>0.

(b) We have
_t\D\g Z |k|25 —2|k|® t|g( )|

keZn
We want to get an upper bound on the middle multiplicand in the terms of the above summation,
and since it is readily seen that that this multiplicand doesn’t acheive a maximum at |k| = 0, we may

consider 0 = ¢/'(§) = 5256_259t, ¢ > 0, to find the needed bound, i.e. we can find its maximum by
redefining |k| as a real variable £ > 0 and differentiating classicaly away from 0. So we solve

0 q/(g) — 28623—16—25 t 2t9§9 1528 —2¢%

26—25% (5525_1 _ t9§2‘5+9_1)

which holds if s = t0¢?. Hence, ¢ attains its maximum on the reals when & = ¢/ 75+ We conclude that

a o s R S,2s =2s =—2s —£2
< 3 ({5 1o = 3 ¥ e i m < Cuat ¥ gl
kezn

KEZN N
Clo

(c) First observe that we easily find from the properties of the exponential that |e¥ — 1 — y| < 2|y|?

when we suppose |y| < %, and that e 71‘ < el¥l for any y € R. Indeed, it is readily seen that
. 1
e —1—y| < Zlyl =P |y|, vl < 3 (A.0.4)
e -1 lyl |, lyl?
S Wi, W vl
M ’ <1+ 5 + 3l + .. . (A.0.5)
We will use those inequalities to show that u ( )= —|k|%(k )e*“@'et.
Let
2 0 0
G(k)e  IRIP(t+h) _ g(k)e— k() . e . e, ek
() = 2 AW T atk)e M = gl [ S ).

A
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By (3), |A| < 2|k|*h if |k|°h < 1, and it follows from (4) that |A| < |k|° (elkle\hl + 1) . Hence,

2 251 | 2 —2\k|9t e_“f‘eh_l . 2
Mz = D2 A+ KP)gk)l%e I
|k|ez™
2
<3 IR g e 2 R (M 1) ST 21 [kl e k2,
KI>N k<N
B c

We are differentiating with respect to fixed ¢, so B — 0 uniformly in h as N — oo if |h| < % by
(b). Thus for any € > 0 given, take N large so that B < § given any |h| < % and h small enough
so that |h| < £, that (5) holds with Nh, and that C' < §. Then |n(h)||Z < € and this shows that

| (h)]|7: — 0 as b — 0. Hence, u is differentiable with

W)= 3" ke H g (k)er,

kezn

and repeating the argument,

d(1) = 3 kP M g (ke

kezmr

LN
u™ = Z (=1)" k| e G (ke
kezZn

Notice that applying (b) amounts to recognizing that an appropriate exponential growth overrule a
polynomial growth of any order. We conclude that v € C* ((0, 00), H*(T)).

(d) We want to show that Hu@jgﬂgg — 0 as t N\, 0. From the same argument used in (c),
le¥ — 1| < 2Jy| for |y| < 1, and so

ERTATEN . . ETAL 1
le” "G (k) — 4(k)| = |9(k) (6 M~ 1) | < 2[k[’, for k|t < .
Hence, under the same conditions,

>+ k) gk (e 1) 2

kezn

() — gll%

<1

D (L [KPO)GR) P + 462 Y (14 [K[P7) K |3(k)*

k>N k<N

IN

D E

For any € > 0 given, we can find, by assumption, N large enough so that D < §, and it follows from
€

the finitness of £ that the second term may be made less than § with ¢ sufficiently small.
Now we claim that (1) holds as an equality in H*(T™). We have already proven everything we need,
so it is sufficient now to assemble the above results in a coherent form. We have shown in (c¢) that

u € C* ((0,00), H*(T)), but more importantly, we have further demonstrated that

d(t)(x) =Y —[k%g(k)e M ey () (A.0.6)

kezn
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in H*(T™). Hence, v is equal to —|D|%u(t), because the latter operator is given in Fourier space so
that —|D|%u(t) is defined as the right hand side of (5).

(e) It follows from (b) that u(t) is in H*(T™) for any s > 0, and this ensures, from Berstein’s Theorem,
regularity in space. We need now to show regularity in time and show that taking any mixed partial
derivative exist to complete the proof. By abuse of notation, we will let u(¢)(x) := u(z,t) be defined
on (0,7) x T™. We know from (c) that

u(z,t + h) — u(zx,t)
h

z,t+h) —u(z,t)
h

() = 2

—u'(t)(z) — 0

as h — 0 in H*(T"), but it follows from Berstein’s Theorem that this convergence also occurs in
C°(T"), i.e. we get uniform convergence as a function of z € T, and so dyu(t, ) exists everywhere
on T. The same argument and (c) allows us to conclude that 9/*u(x,t) = u(™ (t)(z) exists for any
m € N. Moreover, for any m,n € N given,

|07 O u(x + €,t + h) — OF 0T u(z, t)|

h,e—0 h

< lim |07 O u(x + €, t + h) — PO u(x + €, t)| + lim |07 O u(x + €, t) — OO u(x, t)]
h,e—0 h h,e—0 h

shows that 070" u(z,t) € CY(T™ x (0,00)). Hence, u has partial derivatives of all order, i.e. wu is
smooth.
Question 3
Consider the inhomogeneous hyperdissipative heat equation
u'(t) = —|D|%u(t) + f(t), for0<t<T, (A.0.7)

where 8 > 0 and f € C ((0,T), H°(T™)) for some ¢ > 0 and 0 < T < oo. We will impose the initial
condition limy o u(t) = g in L*(T™), and will understand that v’ is the derivative of u considered as a
function w : (0,7) — H*(T™) for some suitable s > 0. In other words, we look for strong H®-solutions
of Qyu = —|D|%u + f. Prove the following.

(a) Let w € C ([0,T),L*(T™)) and f € C ((0,T), L*(T")) satisfy (9) with u(0) = g. In particular, for
each t € (0,7), v'(t) and |D|u(t) both exist in L?(T"). We also assume that

1i\r%/ Lf(t)]|dt < o0, for some 0 < a < T.

Then we have ;
u(t) = e_tlDleg + li\rj})/ e(T_t)lD‘ef(T)dT, 0<t<T),

where the limit € — 0™ can be replaced by the evaluation e = 0 if f € C ([0, T), L? (’]I‘”)) In particular,
(1) has uniquenss in the considered class.

(b) Let g € H*(T™) and let f € C ((0,T), H°(T™)), with 0 < o < ¢. Also let

li{%/ If(t)]|odt < oo, for some 0 < a<T. (A.0.8)
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Then the function
t—e
ut) =e 1P’ g+ lim e OIP f(1)dr, (0<t<T)

isin C'((0,7T), H*(T™)) for o < s < 0 + 0. Furthermore, we have limy o u(t) = g in H*(T), and u is
a strong H*-solution of (9) for s < o.
Solution.

. . . t . t—e
By abuse of notation, we will often write “ [ when we mean “limeo [0

(a) The proof of part (a) is completely identitical to the proof we can find in the notes, with e
replaced by e=1PI” and A by |D|?. We refer the reader to the first theorem of section 2.2.3.

(b) We first want to show that u(t) € H*(T™) whenever 0 < t < T. Repeating the argument that we
have used in question 2 part (b), we find that

0 s—a
P gl < Cos (14¢7) gl (A.0.9)

and
_ 0 " _s—o
||e(T t)ID] f()ls < ngs (1 +lr -t ) I fllo- (A.0.10)

Hence, we have

t—e
u®lle S (1467 ) lgla + Yim [ (1 |7 = 7%) £,

S—0o

where k = #5% < 1, and it is sufficient to show that the last terms of this inequality are bounded. The
first is by assumption, and we are left to consider

t t t
/ (141t = 7[7%) | fllodr < / (141t —7/7%) | fllodr + / (141t — 7[7%) | £(7)lodr.
0 0

x
2

F G

It is immediate from (2) and the continuity of f that F' < co. We now turn to the second term on the
right hand side and observe that since f is continuous,

¢
G < ||fHC((0,T),Ha(T"))/ (1+t7") < oo.

t

2

We will now prove the convergence of u to the initial condition. We know from question 2 that
e=1Pl’ g(t) —s g in H*(T") as t — 0F. Thus, since

t—e t—e t—e
. (t—7)|D|° drll < li / dr <1 / d
tim | [ P fr)ar <ty [ s < T [ 150dr — 0

as t — 07, then lim,_,o+ u(t) = g in H*(T").

We claim that w : (0,7) — H*(T") is continuous for s < o + 6. Let h := t — ¢, assume w.l.o.g.
that h < 0, and observe that it follows from the results obtained in question 2 that

_IDI°T _iple 1ne /
Py Py = (eP) oy )

—h[D|Pe1PI"tg 4 () (A.0.11)
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in H*(T™), and analogously that

6 ¢l ¢l
eTOIPE f(7) — e IPPT=D f(7) = —h| DT DIPE £(7) + 1y (h) (A.0.12)
in H°(T™). From (5), we have

g()? = 37 [k|Plem W om Ikt g g 0 K2 5 (k) 2

keZn

2] ] 2
_ }juﬁ%*kt(e-kh—1+uwh)|mmﬁ
kezm

J
Using the properties of the exponential again, we use the inequality

wl* | lyl? ly|? lyl |yl 5
TRRRTRSHI | /R | iy S B N WP
. s o \IFg fggt)shle

with y = |k|?h to find that J < ||l<:|9h\ge|k‘9|h‘7 which further implies that
g (WIE < BT (kP02 I g ) 2

kezn

2(s—0)

B t
Bt 2 gll, for || < 3,

IN

where we the last inequality follows from (3). Now, if we let v(7) = e(T=DIP ’f (7), then it follows from
(6) that

t 0 t
/ e(T=DIDI f(T)dT*/ v(T)dT
0 0

t t t
_ ’/ U(T)d7+/ fh|D|%(T)dT+/ N5y (R)dr
t 0 0

7
< —C1lA " Y flle(@n, me ) +C'2|h|_”+1/ [ fllodr +0(1) (A.0.13)
0

where the last inequality follows from the continuity of v and —|D|%v in H® and (6). It follows from
(2) that we can take the limit in the above inequality, because the bounds depend solely on s and 6.
Since s < o + 60,1 —k > 1, we find, taking h — 0, that v € C ((0,T), H*(T"™)).

We will complete the proof by proving that u is a strong H®-solution of the hyperdissipative in-
homogeneous heat equation. We use the FTC. Since v(7) € C* ((0,t], H?) from question 2, then in
HS

3

/{ o(r)dr = V() = V(E) = ho(r) + o(h) = hf(t) + o(h).

Moreover, f: |D|%v(7)dr in continuous in H*® with respect to € (0,¢] from the same inequalities that
were used in (7), and so

t t
/|D|%(T)dﬁé/ DPo(r)dr + of1).
0 0
Hence,

hf(t) +h [*|D|v(r)dr + h - o(1)

h
= 0 (It th T

m|( o+ [ (M)+f®
— DfPu+ f(b).

= D+




Appendix B

Assignment 2

Question 1
Consider the initial value problem
8tu = Au + f(u)7 ’LL|t:0 =g,

where f : H5(T") — H* 1(T") is locally Lipschitz, and g € H*(T"), for some constant s > 1. We
know that there exists a unique maximal mild solution u, € C([0,T,), H*(T")), with the maximal
time of existence 0 < T, < oo possibly depending on the initial datum g € H*(T") For ¢ > fixed,
let Q, = {g € H*(T™) : T, > t}, and define the flow map @, : Q, — H*(T™) by Qg = u4(t). Prove
that the solution depends on the initial data continuously in the following sense. For any g € H*(T")
and t € [0,Ty), there exists 6 > 0 such that Bs(g) = {h € H*(T") : |h — g||s < 6} C €, and that
®, : Bs(g) :— H*(T") is Lipschitz continuous.

Solution.
Step 1
For t € [0,T4) N[0, T},) and max{||ugl|s, [|unlls} < r, since
I1E(t)(g = lls
IE®) (g —h)lls = an —hlls < IE@)sllg = hlls

with [|[E(t)||s < 1, we have

lug(t) —un(t)]ls = IIE(t)(g*h)+/O E(t —7) [f(ug(t)) — f(un(t))] dr|s

lg = hlla +1 / E(t — ) [f(ug(£)) — f(un(t))] dr]]s.

A

Now, as |lg — h||s € R is constant and

A

IN

|| / E(t — 1) [F (g (1)) — Fun ()] drls

IN

/0 C (14 (t— 7)) | (g (7)) — f(un()]la—rdr

IA

/0 CC, (1+ (t = 7)) g (7) — un(r) adr,

69
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it follows from Gronwall’s inequality that

l[ug(t) = un(®)lls = llg — hllsexp {/0 CC (14 (t=7)%) dt}v

Crt

where C,. depends on r > 0 and ¢ € [0,7,) N [0,7},). Thus, ®; is Lipschitz on {h € b,.(0) : t < T} and
taking r > ||g||s + ¢ is sufficient to ensure it is on {h € Bs(g) : t < Tj,} for any given § > 0.

Step 2

Now, let & > 0 s.t. Bo(0) D O, where O is an open subset of H*(T") s.t. O D {ugy(t) : 0 <t <t},
which we can do since ¢ < T,. Using the local existence theorem, we find €, > 0 indepedent of g s.t.
for any initial data h € H*(T") s.t. ||h|ls < «, up(t) is a solution of the above inhomogeneous heat
equation with initial datum h on [0, €,].

The idea is to observe this implies that for any ¢’ € [0,], ng(t/)(f) is a well-defined solution of
the main initial value problem on [t',t' 4+ €,]. Hence, choose an integer n € N s.t. we may define a
partition P = {0 = ty,ta, ..., ¢, =t} of [0,¢] with |P| < €4.

Now, from step 1, if £ € [0,¢€4], then [lun(t) — ug(f)lls < supzepge,) Casillh — gll, Ca € R. We can
thus find 6, > 0 s.t. for any h € H*(T") s.t. ||h — ug(t)||s < On, [|[un(?)]ls < o VI € [0, €q].

Step 3

Recursively, we find 01, ...,0p,—1, 0; > 0, s.t. for any h € H*(T") for which ||h — ug(t;)|s < J;, we have
|h — ug(tiv1)]| < dix1 YVt € [0,€4], i.e. we have found 6 = 6, > 0 s.t. if h € Bs(g), then h has by
uniqueness a maximal extension uy € H*(T™) for which T}, > t.

Question 2
Consider the following nonlinear reaction-diffusion equation
du = Au + e,

with initial datum g € H*(T"), where 6 € R and s > % are constants. We assume that g is positive
everywhere. Prove the following, and in the case of (d), provide upper and lower bounds for the blow-
up time 7.

(a) The problem has a unique maxmal mild solution v € C ([0, T"), H*(T"™)).

(b) The mild solution is in fact smooth in T™ x (0,T).

(¢) If 6 > 0, then the solution blows up in a finite time, i.e., T < co.

Solution.

(a) We first need to verify that f(u) = de* € H*(T") for v € H*(T"), i.e. that || f(u)|s < oo, but this
is immediate from the triangle inequality, since using the series expansion of the exponential,

Jocseto < 113" 1041 = s < o
s = n! )
k=0

where we found ell®lls < oo using the assumption that |lul|s € R and the fact that e® is a real-valued
function on R. If we can prove that f(u) is also locally Lipschitz, then the existence theorems of section
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3.1 ensure the desired result. Let u,v € H*(T") s.t. max{||ulls, [|v|ls} <7, r > 0. It follows from the
Banach algebra property (s > %) that

1F () = f@)s = 18] [le™ —€*ls

31| Z% (6w — 3)") I,

- Z 3(u —v) ,% (6u)" 4 (6u)* 200 + .. + (60)*2u + ((60)* ) |16

n

k _
~ Oe,nHu*vHGZH(MV)k !

k=0

A

and so because Y ,_ 4 (|6|r)*~! converges to a real number by the ratio test, letting

k
Cr =16|Cs Z kf(|5|7")

shows that f(u) : H*(T") — H*(T") is locally Lipschitz and the proof is complete.

(b) According to section 3.2, it is sufficient to compute the time derivative of f(u) = §e’* at ¢ € (0,7)
to adapt the proof of the regularity of the mild solution u to the case of the nonlinear reaction-diffusion
equation. Hence, observing that

lim = lim —

Su(t+h) _ §,0u(t) > k _ k
e de . ) Z((Su) (t+ h) — (du)"(t)

h—0 h h—0 h Pt k!
2u(t+h po WL+ R) +uF T+ R)u(t) + .+ ub(2)
hﬁOé Zé k!
L E(0u)RY( )
_ £2,./
= 6% (t)kzzoikl
_ e 00)F ()
=0 (t) ) o
k=0
= 5%/ (t)e®

implies the required result.

(c) The ODE ;v = 6¢°” has solution v(t) = —%log (6(Co — 6t)), where Cj is an arbitrary constant
that we may choose to our liking. If we let Cy = e~ ™= 9(2) then v(t) is defined on [0, Cy), Co > 0,
and |v(t)] — o0 as t 7 Cp.

We can compare u and v, and apply the maximum principle to bound w by v. Indeed, from the
above definition of C,

= < n
v(0) = min g(z) < g, Ve € T",
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so v > u on T™ x {0}. Moreover, we have

O(u—v)+Alu—v) =96 Z
k=0

o'}
= U—U E

— (6v)F)

?F.\H

(60"~ 4+ (0w 2 (80) + ..+ (30)" 1),

?’T“.—\

c(u,v)

where ¢ is a real-valued bounded function on T" x (0,7] for T < min{T,,Cy/d}, where T, is the
maximal time of existence of u. Hence, the comparision principle implies that v < u on T™ x (0, T7.
Since v blows up at Cy/d, then u also bows up in a finite amount of time at T, < Cj.

Question 3

Consider the Allen-Cahn equation
Ou = Au+u — u?,

with initial datum g € H*(T") for some s > %. Prove the following.

(a) The problem has a unique maximal mild solution u € C ([0,T), H*(T™)).
(b) The mild solution is in fact smooth in T™ x (0,T).

(¢) The solution is global in time.

Solution.
(a) It is immediate from the Banach algebra property (s > %) that f(u) = v —u® € H*(T") if
u e H5(T"):
lu—w?lls < Jlulls + Conllull} < oo
Showing that f : H*(T") — H*(T") is also locally Lipschitz completes the proof, because then the

existence theorems of section 3.1 apply. Let u,v € H*(T") s.t. max{||lul|s, [|v||s} <7, r > 0, then using
the Banach algebra property again,

[ f(u) = f(0)lls lu —v—u®+ 0%
|(u—v) (1 +u? 4+ ww +U2) Ils

llu — v (1 + 37"2)

IN

and choosing C,. = (1 + 37'2) shows that u — u? is locally Lipschitz in H*(T").

(b) In respect of section 3.2, it is sufficient to observe that in this particular case, regularity in time
follows from the fact that

flut+h) = fu®) _ ult+h) —u?(t+h) —ut) +u’@)

h h ’

_oultd h})L —ult) _ ult+ h}i ZUD w2t 4+ B) + ult + hyu(t) + 200 |

—u/(t) in H® —u/(t) in HS

—3u?(t) in H®

while the rest of the proof stays identical.



APPENDIX B. ASSIGNMENT 2 73

t

(¢) We proceed by induction. Solving the ODE vy = vy — v§, we find vg(t) = ﬁ Choos-
oTe€e
ing Cyp = L > — 1, we have u < v on T™ x {0}, and thus since

(maxgzern g(x))

O(u—wv) + A(u —vg) = u—u?’—(vo—vg)

(u— v)(l — (u2 + uvg + v%))

c(u,v):T" % (0,T]—R
on T" x (0,T] for T < T, where T, is the maximal time of existence associated to the solution wu,
then u < vy on T™ x (0,7T]. Hence, as vy(t) : (0,00) — R, then we have found the basic estimate

t
lu(z, t)] < wo(t) = 5=
order derivatives to complete the proof. First, we have

i.e. u(x,t) is bounded pointwise on (0,00). We need to bound the higher

O Opu = A OLu +3u2 Opu + Oru
—~— —~— —

— Bt 8ku —A@t 8k’LL < (T) aku + 8ku,
~~ ~~ ~— =~

where vy (T) = 3[vo(T)]°, and we compare dyu with the solution v§ = CFe((D+Dt of the ODE
Orvg = v1(T)va + va. From the local theory, 3¢ > 0 s.t. u(-,¢) € H®, hence we may choose Cf >
|0ku(-, €)|loo and conclude from the maximum principle that ||Vu(t)|| < oo on (0,00). We then
repeat the argument on the inequality

at E)Zaku —-A 81'8]671 = 6u81u8ku + (37.L2 + 1) &E)ku
—— —— ——

< (301(T) +1) 80w +6vo(T)vk (T)vi(T),
B A

which we compare with the the ODE 9;v3 = (B + 1)vs + A, which has again a solution of the form

C;’ke(B‘H)t - %, which we can use to bound 9;0,u at time ¢ = €. The above shows that the base case
holds.

For a genral 0%, the induction step reduces to applying the induction hypothesis when comparing
our PDE to
0:0%v™ — AD%v = (Ba3v? +1)0% + A,,

where A, B, € R. We conclude that ||u(-,t)]|s < oo on (0, 00).
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Assignment 3

Question 1

Prove that the solution of the magnetohydrodynamics system
ou = Au—u-Vu—Vp+h-Vh
ou = Ah—u-Vh+h-Vu,

with div(u) = div(h) = 0, in T? ia global in time.

Solution.

We want to derive a basic energy identity analog to the BEI we have derived in section 4.2 for the
NSE. Using the same arguments we have used to find the latter, we conclude that

1d
sl ==IVeulP+ [u-@-on).
——
A

Integrating by parts and using the product rule, we further establish that

A = /u - (h-Vh)

= /ujhi(‘)ihj

= —/hjhlabuJ —/hju]'aihi

= —/h~ (hVu), (C.0.1)
where (1) was derived using the fact that — [ hju;j0;h; = — [ hju;div(h) = 0 by hypothesis. This
implies that

d

%||u||2 = =2|[V®ul®+ A (C.0.2)

In the same way, we have

1d

2dt\|h||2§—||V®h||2+/h~(u-Vh)+/h-(h-Vu).

B —A

74
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It turns out B = 0. In order to arrive at this conclusion, we observed that

B - /h-(u-Vh)

= /h]uﬁ,hj
= 7/u7hjazhj — /hjhjﬁiu,-
= —/h~(u-Vh),
which holds since — [ h;h;0;u; = — [ hjh;div(u) = 0 by assumption. Hence, we have
Ll = ~2)v @ hlf* - 4
dt ’
and combining this inequality with (2), we find the desired basic energy idendity
d
%(thl2 +lull?) = —2V @ ul? ~ 2|V @ h|*.
The integral form of the above inequality is given by
t t
[u(O) 12 + 1R(0)[1* = [[u(®) 1> + IR()||* + 2/0 lu(s)[ids + 2/0 |h(s)|1ds,

which exhibits the fact that knowledge of the initial data yields control on the L>°L?—norm and the
L?H'-norm of (u,h)”. We now proceed to investigate the equations

00y = OpQAu — 8k(u . Vu) — ak(Vp) + ak(h . Vh) &
OOy = OpAh — 8k(u . Vh) + ak(h . VU)

From the same integrating tools that we have used in the NSE problem, we find that
d 2
GV @l <~ JulaVals +2 3 [ o aun-vh)
k

and
d 2
%||V®h|| < — b+ |R)2 | Vul|2 s +QZ/akh~3k(h-Vu).
k

Using Young’s inequality, we find that

d 2 2
S (IV@ul® +IV @) < = (juB+ 11B) + [l (IVull2: +1VhI2:)
1
+ e (1Aul® + [ARIE) + =kl (IFulhs + VA1)

for any € > 0. Hence, from applying Ladyzhenskaya inequality and Young’s inequality again, we
conclude, assuming w.l.o.g. that @(0) = h(0) = 0, that

d 2 2 1 1
g (Ve ul + 1V @ nl") £ = (ul +113) + — (lull?hult) +  ul[u|pE + (e +e2) (jul3 +[1[3)

1 €3 €3
+ — (lul3 + [1[3) + =Rl |R R ulf + =Rl A}
€1€3 €1 €1
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Choose €1 > 0 and €2 > 0 s.t. €1 + €2 < 1, and choose €3 > 0 accordingly such that (e; +€2) + i < 1.
By doing so, we may further derive that

% (IV@ul® + IV @RI") < ull?ult + B2 + ull2 2Rl + B2l
lallfuld + R I2[RLE + (el + 12I12) ul? B[

(el + 1112) (jult + [211) + (lul® + [R]1) (ult + A1)
(lull + ]2 (julf + 121})

(lal® + 112012 (1l + [BI3)%,

AR ZANRIAN

and Gronwall’s inequality, along with the L2 H'-norm control on (u, h)” obtained from the basic energy
identity, yields control on the H'-norm of (u,h)”. In trying to acheive control on the H?-norm of the
solution. We follow the same arguments we have used in the NSE problem to find that

d 1 o111
@IIv2 ®ul* < —ZIU@ + [ulFlul3 + ull®lulFlul3 + [uls|hli|Blz + |uls]|h]2[R]F B3 |h]3 -

C D

Using Young’s inequality, C' < €;|ul3 + é|hﬁ|h|§ and
1 € 1
D < esluli + —||hll|R|kl2|ls < eslul3 + = |hJ3 + —[|1]*[A[3|R3.
€9 €1 €2€3
Hence,

d d 1 1
—IV?@ull?+ — V2 @h|? < |uls (|ulf + llull®[ul}) +|hl5 ( =[0F + —IBI AT ) + E4+ F
dt dt €1 €2€3

where
E < |hs[|V® (u-Vh)|
1 2
< e4|h|§+a(H(V®u)~Vhll+llu~V2hll)
1 1
< ealhl3 + —ulf|p} + —|ull?|nf3
€4 €4

and where analogously,
1 1
F < es|hl3 + —[hf[ulf + —[1A]?|ul3,
€5 €5

for any €1, ...,e5 > 0. Hence,
d oo 2, 4 oo 2 2 2
ZIVE@ul®+ V2 @Rl* <[]+ [] (juls + [h[3)

where [-] are terms over which we have previously established control. The HZ?-norm control over
(u, h)T is now obtained by using Gronswall’s inequality or by comparision with the ODE 3’ = C + Cy.

Question 1

Prove that the Navier-Stokes initial value problem
Oru = Au — Pdiv(u ® u),

in T*or T°,with smooth, divergence-free initial data, has global smooth solution if the H3-norm of the
initial data is small.
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Solution.

W.lo.g., assume @(0) = 0, and thus that ||ul|rz = 0. Recall that this implies that | - |gs1 < |- |gs2
whenever s; < s3. We need global control on the H*-norm of the solution u for some s > 7. It is
thus sufficient for the NSE in T4 and T® to control the H3-norm of u. In order to gain this control,
we consider the equivalent equation

Oy (&OJBku) =A (E)Zajﬁku) + 618]8kd1v(u ® u) — Oi(‘)jakp,

and assume that the H*-norm of u is controlled for s < 3. We use the energy method again. Since
div(u) = 0 and

1d

5%”&8,8;@1;\\2 = —HV ® 8i8j8ku||2 — /818J6ku . 81838kd1v(u X u),

we have

d
a‘h@ < —2\u|i+2/A6J6'ku838k(uVu)

< —2\u|§+2/|Aajaku||ajak (- V)|
< “2fuf} + Clulahu @ ul

< —Juif+Clueul3

< —fulf + Cluls

where the product rule and the smoothness of u was used. By the integral assumption on u, it holds
that |u|3 < |ul3, hence
~[ul} + Cluls < ~[ul3 + Cluls,

and conclusion follows from comparing 4 |h|3 < —|ul3 + |u[§ with y' = —y + Cy?, if we take |u3 small
enough for the solution of the ODE to be bounded.
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Rellich’s Theorem
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A COMPACTNESS THEOREM FOR BOCHNER-SOBOLEV SPACES

TSOGTGEREL GANTUMUR

In the previous lecture, we have used the following result without proof.

Theorem 1. Let X — Y <— Z be Hilbert spaces, with X compactly embedded into Y. Then
L%X N HZIFZ is compactly embedded into LQTY for any 0 < T < oo.

In this note, we want to prove this theorem. We start with a couple of preliminary lemmata,
which are also interesting on their own.

Lemma 2. Let X be a normed space, and let {x,} C X be a sequence converging to 0 weakly
in X. Then the sequence {xy,} is bounded in X. In addition, if Y is a Banach space, and if
K : X =Y is a compact operator, then Kx, — 0 strongly in Y.

Proof. Consider the linear operators T, : X* — R defined by T,z* = (z*, x,) for z* € X*.
Then for each z* € X* we have T,,x* — 0, and in particular, T,,z* is bounded. Hence by the
the Banach-Steinhaus theorem, the sequence {7}, } is bounded in X**, i.e., there is a constant
M < oo such that
(2", 2n)| < Mz x-, (1)
for all z* € X*. Now by the Hahn-Banach theorem, for each n, there exists * € X* such
that (z*, z,,) = ||| and ||z*||x+ < 1, which shows that the sequence {z,} is bounded in X.
For the second part, take an arbitrary subsequence of {z,}, and denote it again by {z,}.
Since this sequence is bounded, the sequence { Kz, } is precompact in Y, and so passing to a
subsequence, which we call again { Kz, }, we have Kz, — y in Y, for some y € Y. Moreover,
y = 0 by noting that Kz, — 0 weakly in Y, i.e.,

<y*a Kxn) = <K*y*7 $n> — 07 y* € Y*a (2)

where K* : Y* — X™ is the adjoint of K. To conclude, we have proved that any subsequence
of { Kz, } contains a subsequence converging to 0 in Y, which means that the original sequence
converges to 0 in Y. U

Lemma 3. Let X — Y < Z be Banach spaces, with X compactly embedded into Y. Then
for any € > 0, there exists a constant C; such that

lzlly <ellzllx + Cellzllz, = e X. 3)

Proof. If it was not true, there would exist a number ¢ > 0 and a sequence {z,} C X with
|zn|lx = 1, such that

[znlly > &+ nllznllz. (4)

By compactness of the embedding X < Y, a subsequence of {z,} converges in Y, to an

element y € Y. The convergence is also in Z, by continuity of the embedding ¥ — Z. We

have y # 0, because (4) implies ||z,||y > ¢ > 0. However, since ||z,|y S |lzn]|x = 1, the
condition (4) would also imply that ||z,]z — 0 as n — oo.

Proof of Theorem 1. Let {u} be a bounded sequence in L#X N H1Z. Then passing to a
subsequence, we have uj, — u weakly in L2.X and u}, — v’ weakly in L2.Z. Letting vy = up—u,
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2 TSOGTGEREL GANTUMUR

we claim that vy — 0 strongly in L%Z . If the claim is true, fixing an arbitrary ¢ > 0, by
Lemma 3 we have

loe(@)lly < ellor(t)]x + Cellor(t)] 2, (5)
for almost every ¢, implying that

lvellrzy < ellvellzz x + Cellvrllpz.z- (6)

Since vy is bounded in L%X , this would imply that vy — 0 strongly in L%Y.
Now we prove the claim. Using that H1.Z C C([0,T], Z), we can write

vi(t) = vi(s) +/ vy (7) dr, (7)

and integrating it over s between ¢t — ¢ and ¢ for small ¢ > 0, we have

or(®) :a/tt vk(s)d8+i/tia/:v,'€(7')d7ds. (8)

—0

ax(t) bi(t)

The second term can be estimated as
t t

1
etz < / (r+ 0 — t)lol(r) |z dr < / [z dr < Valeilzz ()

t—o

which converges to 0 as ¢ — 0. For the first term, we have

(ag(t),2") = 1/t (vg(s),z*)ds — 0, " e X*, (10)

0 Jt—c

for almost every t, by the weak convergence of v; to 0 in L%X . By Lemma 2, this means
that ag(t) — 0 strongly in Z, for almost every ¢. Overall, we now have vy — 0 in Z almost
everywhere. We already know that the sequence {vy} is bounded in C([0, T, Z), which implies
by T < oo that there is g € L*((0,T)) satisfying ||vk(t)||z < g(t) for almost every t. Finally,
an application of the dominated convergence theorem establishes that vy — 0 in LQTZ . [l



